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In  this  annual  summary  report  a description  of  the 


I 


[theoretical  and  experimental  progress  in  the  investigation 
.of  laser  optical  biasing  effects  on  the  quantum  transport 
properties  on  n-InSb  is  given  for  the  period  October  1, 

1977  - September  30,  1978. 

We  have  shown  that  free-carrier  absorption-induced 
photoconductivity  of  tuned  CO2  laser  radiation  is  a valuable 
new  tool  for  the  extraction  of  information  on  photoheated 
hot  carriers  in  degenerate  n-InSb.  The  first  measurements 
that  allow  extraction  of  electron  temperatures  have  been 
carried  out.  A new  hybrid  technique  which  uses  parallel 
photoheating  and  dc-electrical  heating  experiments  has 
been  developed  to  extract  information  on  free  carrier  absorp- 
tion coefficients  in  low  concentration  samples  of  n-InSb 
where  no  previous  information  has  been  available.  We  had 
originally  proposed  that  carrier-carrier  scattering  trans- 
ferred the  optically  absorbed  power  of  the  photoexcited 
electrons  to  the  electron  gas  directly.  However,  these 
experiments  and  their  interpretation  have  shown  that  a sub- 
stantial fraction  of  the  optically  absorbed  power  is  trans- 
ferred to  the  lattice  by  optical-phonon  cascading  as  the 
photoexcited  electrons  scatter  to  energies  where  electron- 
electron  scattering  then  predominates  in  heating  the  electron 
gas.  The  major  difference  being  that  only  a fraction  of  the 
optically  absorbed  power  now  is  effective  in  heatinq  the 
electron  gas. 

1 02  & 


■ ^ 


T 


It  was  pointed  out  recently  that  the  origin  of  the 
absorption  tail  below  the  band  gap  of  InSb  has  not  yet 


been  resolved.  The  CO  laser-induced  hot  electron  effects 
in  n-InSb  which  we  are  investigating  involve  impurity-level 
and  interband  transitions.  In  fact,  these  CO  laser  induced 
hot  electron  studies  provide  an  alternative  means  of  unravel- 
ing the  nature  of  the  absorption  processes  near  the  band  gap 
of  InSb. 

The  Shubnikov-de  Haas  effect  was  used  to  determine  the 
electron  temperature  of  the  electron  gas  at  various  CO  laser 
powers  and  wavelengths.  For  the  wavelengths  used  free  carrier 
absorption  processes  can  be  neglected.  Photoexcited  electrons 
are  created  with  an  excess  energy  above  the  Fermi  energy  by 
impurity  level  or  interband  transitions.  These  photoexcited 
electrons  then  heat  the  electron  gas  via  electron-electron 
scattering  resulting  in  a quasi-equilibrium  state  with  an 
increased  electron  temperature  T . In  fact,  the  proposed 
model  explains  all  pertinent  heating  data  obtained  with  the 
CO  laser: 

(1)  the  increase  of  Tg  with  P^,  the  peak  incident  laser  power 

(2)  the  increase  of  Tg  with  increased  photon  energy 

(3)  the  saturation  behavior  of  T at  the  hioher  values  of  PT 

(4)  the  lack  of  any  measurable  change  in  electron  concentration 
for  the  lower  photon  energies 

(5)  the  unusual  behavior  for  X = 5.245  urn,  i.e.  (a)  the  increase 

in  electron  concentration  with  laser  power,  but  not  before 

T = 3.3  K and  (b)  the  saturation  behavior, 
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III.  INTRODUCTION 


The  effect  of  optical  biasing,  or  optical  control,  of 
electronic  properties  of  semiconductors  is  an  interesting 
area  of  research  into  the  dynamics  of  electrons  in  solids. 
The  overall  objective  of  our  research  is  to  measure  and 
interpret  the  influence  of  laser  radiation  on  the  electronic 
properties  of  n-InSb.  In  this  regard  we  have  developed  and 
pioneered  in  using  the  Shubnikov-de  Haas  Effect  as  a new 
tool  in  determining  electron  temperatures  at  specific  CO 
and  CO2  laser  frequencies  and  intensities.  In  addition, 
photoconductivity  measurements  have  been  also  developed  into 
a quantitative  tool  for  the  investigation  of  the  interaction 
of  laser  radiation  with  semiconductors. 

It  is  well-known  that  illumination  of  semiconductors 
with  intense  laser  radiation  leads  to  carrier  heating. 
However,  the  physics  or  understanding  of  the  hot  carrier 
generation  processes  is  in  many  cases  quite  obscure.  Even 
the  absorption  processes  themselves  are  not  entirely  known 
and  need  to  be  studied. 

In  this  annual  summary  report  we  review  a number  of 
significant  features  of  the  research  work  that  has  taken 
place  during  the  last  year.  We  also  list  a number  of  excit- 
ing  things  we  shall  be  doing  in  the  coming  year. 
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IV.  REVIEW  OF  THE  SHUBNIKOV-DE  HAAS  EFFECT 


AND  ITS  ROLE  IN  HOT  ELECTRON  MEASUREMENTS 


The  Shubnikov-de  Haas  (SdH)  effect  is  an  oscillatory 

variation  of  magnetoresistance  with  magnetic  field  which  can 

occur  in  a degenerate  material  at  low  temperatures.  The 

conditions  necessary  for  the  SdH  oscillations  to  be  observed 

are  to  t>>1  and  k T cfico  <E„,  where  to  = eB/m*c  is  the  cyclotron 
c B e c F'  c ' 1 

frequency,  r is  the  lifetime  of  a state  at  the  Fermi  energy 
Ep,  and  Tg  is  the  temperature  of  the  electron  gas,  which  may 
or  may  not  be  equal  to  the  temperature  of  the  lattice  T . As 

±J 

the  magnetic  field  B is  increased,  successive  Landau  levels 
rise  past  Ep  and  depopulate.  As  long  as  Ep  remains  constant, 
the  magnetoresistance  oscillations  are  periodic  in  B ^ with 


the  period  given  by 


P = *fte/E_m*c 

r 


Provided  the  magnetic  field  does  not  become  too  large,  the 
amplitude  of  the  SdH  oscillations  in  the  longitudinal  magneto- 
resistance of  the  material  such  as  n-InSb  can  be  expressed 


A ~(re) 


1/2  6 T m’  cos  (ttv) 


e-6  V'/B 


sinh(B  Tem'/B) 


where  0 = 2 tt  k cm/fie,  m'  = m*/m  is  the  ratio  of  effective 

13 

mass  to  be  free  electron  mass,  TQ  is  the  Dingle  or  nonthermal 
broadening  temperature,  and  v is  the  spin  splitting  factor 
related  to  the  effective  g factor  g*  by  v = m*g*/2m. 
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Although  the  SdH  oscillations  can  be  observed  with 
straightforward  dc  techniques,  magnetic  field  modulation  and 
a lock-in  amplifier  are  often  used  to  improve  the  signal 
to  noise  ratio  and  to  observe  a larger  number  of  oscillations. 
When  the  lock-in  amplifier  is  tuned  to  the  modulation  fre- 
quency, it  measures  an  oscillatory  signal  with  an  envelope- 
to-envelope  amplitude  of  3,4 

V = 4 A Jx  (a)  (3) 

at  a particular  value  of  B.  The  argument  of  Bessel 

2 

function  J,  is  given  by  a = 2 7r  B../PB  , where  Bw  is  the 

amplitude  of  the  modulation  field. 

The  first  hot  electron  SdH  experiment  in  r-InSb  was 

performed  by  Komatsubara  3 who  applied  large  electric 

15  -3 

fields  (>0.1  V/cm)  to  a 1.5  * 10  cm  sample  and  observed 
a decrease  in  the  SdH  amplitude  for  the  transverse  config- 
uration and  a shift  of  the  SdH  extrema  to  higher  B values 
as  the  electric  field  was  increased.  Later  Isaacson  and 
Bridges  ^ studied  a 1.7  x 1033  cm  3 sample  of  n-InSb  and 
found  that  either  an  increase  in  the  lattice  temperature 
or  an  increase  in  the  large  electric  field  would  decrease 
the  transverse  SdH  amplitude  and  shift  the  extrema  to 
higher  B values.  By  matching  the  SdH  curves  for  various 
lattice  temperatures  at  a fixed  low  electric  field  with  the 
curves  for  various  high  electric  fields  at  a fixed  low 
lattice  temperature,  Isaacson  and  Bridges  determined  the 
electron  temperatures  corresponding  to  given  values  of  the 


electric  field. 
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Bauer  and  Kahlert  have  investigated  the  hot  electron 

7 8 9 

SdH  effect  in  n-InSb  ' (as  well  as  in  n-InAs  and 

n-GaSb  using  a pulsed  electric  field  technique  to 

avoid  lattice  heating  For  5.9  x 10^  and  1 * lO1^  cm  ^ 

samples,  varied  with  T^,  so  the  Tg  values  for  various 

electric  fields  were  determined  from  the  longitudinal 

oscillations  by  the  direct  comparison  method  used  by 

6 1. 6 — 3 

Isaacson  and  Bridges  . For  a 6.9  x 10  cm  (more  highly 

degenerate)  sample,  T was  independent  of  T , so  T values 

D J_i  6 

were  obtained  using 

A (T  . ) T . sinh ( 6 T nm'/B) 

s 1 1 — ^ > 1 g , 0 ^ ^ 

A(Te,0>  Te,0sinh(e  Te,lm'/B> 

from  the  amplitudes  of  longitudinal  SdH  oscillations.  Little 
or  no  shift  in  the  longitudinal  SdH  extremal  positons  was 
observed  for  these  high  concentration  samples. 

In  the  present  studies  the  conduction  electrons  are 
heated,  not  by  a large  electric  field,  but  by  optical  exci- 
tation. For  photon  energies  much  less  than  the  band  gap 
energy  E , carrier  heating  should  take  place  due  to  free 
carrier  absorption  and  thermalization  by  electron-electron 
collisions.  For  larger  photon  energies,  carriers  should 
also  be  excited  from  impurity  levels  and  from  the  valence 
band  into  the  conduction  band.  A radiation  induced  increase 

in  the  steady  state  concentration  should  raise  E and  decrease 

F 

the  SdH  period.  This  would  shift  the  SdH  extrema  to  higher 

1 2 

B values.  Also,  according  to  the  work  of  Kalushkin  et  al.  , 


I 

I 

i i 
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even  if  the  concentration  remains  constant,  the  B and  Tg  depen- 
dence of  Ep  caused  by  incomplete  degeneracy  should  cause  p to 
decrease  and  the  extrema  to  move  to  higher  B values  as  is 
increased.  To  take  period  changes  into  account,  we  define 


I 

I 

! i 

i 


the  function 

V (T  . ,p )P„1/2J. (a.) 

p E - e'1--i--°I7r-1--0-  . (5) 

V(Te  0'P0)P1  W 

where  V is  given  by  Eq.  (3).  If  P,  Tp,  m ' , and  v are  all 
constant,  F is  equal  to  Eq.  (4). 

The  fact  that  ionized  impurity  scattering,  which  depends  only 
upon  carrier  energy,  dominates  the  momentum  relaxation  in  InSb 
below  40  K insures  that  the  SdH  amplitudes  will  be  functions 
of  electron  temperature  Tg  and  not  lattice  temperature.  Thus 
a decrease  in  the  SdH  amplitudes  with  increasing  values  of 
lattice  temperature  T reflects  an  increase  in  T since  the 
electrons  are  in  equilibrium  with  the  lattice  during  these 
measurements . 

Plots  of  the  function  F,  defined  in  Eq . (5)  or  the 

amplitude  ratios  in  Eq.  (4)  versus  Tt  and  P can  be  used  to 
determine  the  value  of  T^  for  each  laser,  along  with  the 
parcticular  wavelength  and  value  of  Pj  by  making  a one-to-one 
correspondence  between  the  two  curves.  An  electron  temperature 
can  be  extracted  by  the  direct  comparison  method  since  the 
quantities  compared  are  not  explicit  functions  of  the  lattice 
temperature.  ^ 1 As  noted  earlier,  this  comparison  method  was 
first  used  by  Isaacson  and  Bridges  ^ in  high  electric  field 
measurements  to  extract  electron  temperatures  from  SdH  data 
and  has  since  been  used  extensively. 


V REVIEW  OF  IMPURITY  ABSORPTION  IN  InSb  IN  THE 


5 ym  BAND  GAP  REGION 

In  any  real  semiconductor  both  donors  and  acceptors 
are  present  to  some  degree.  The  normal  case  in  one  of 
partial  compensation  of  the  impurities.  If  N is  the 
number  of  donor  impurity  atoms  per  unit  volume  and  N is 
the  number  of  acceptor  impurity  atoms  then  partial  compensa- 
tion occurs  if  N„  4=  N_  . If  N , > N„  we  talk  about  an  n-tvpe 
semiconductor  and  if  N^  > a p-type  semiconductor. 

The  highest  mobility  samples  of  n-InSb  are  usually  doped 
with  tellurium  impurity  atoms  which  have  essentially  zero 
activation  energy,  i.e.  the  donor  levels  are  merged  with 
the  conduction  band.  Since  there  are  always  some  acceptor 
level  impurities  present,  these  acceptor  levels  acquire  an 
electron  resulting  in  N electrons  occupying  these  compen- 
sating  states.  Consequently,  there  is  only  an  electron 
density  n = N , - N occupying  the  conduction  band  at  low 

Cl  A. 

temperatures.  If  N <<  N , , then  n = N , . 

A Cl  0. 

For  review  purposes  we  reproduce  several  published 

figures  dealing  with  the  absorption  edge  region  of  InSb. 

Figure  1 shows  how  the  absorption  coefficient  a varies  as  a 

function  of  photon  energy  for  a relatively  pure  sample.  ^ 

At  low  temperatures  there  is  a sharp  transition  which  is  due 

to  direct  interband  transitions.  At  higher  temperatures  there 

is  some  contribution  to  a on  the  low  energy  side  because  of 

the  presence  of  phonons.  The  way  that  impurities  effect  the 

1 6 

absorption  near  the  band  edge  can  be  seen  in  Figure  2. 
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FIG. 


h*  (eV) 

1 pdon  eifgc  <* f puu*  /nSh  (Ref.  15  ) 


hi/  (»V) 


FIG.  2 1 |K  >IKt'  "i  i oiurnii, iiiiMt  imi  1 1 ic  .ibsni piion  vup  foi  InSh 

il'P'f't*-  V ' r ■ Hi'\ni  ' n \ «■,  .,1  Sd  K ,.’i.i  i\|v 

<■'»  ' i*i " ii pi  \ , „ Hi.  . in1 ' i in  ■ (Ref  16) 


'Conduction 

band 


\S 

\A  Donor  tail 


la)  (b) 

Absorption  due  to  tail  stales:  (a)  Transitions  to  the  conduction-hand 
tail,  (b)  Transitions  from  the  valence-band  tail  (Ref.  17) 
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Curve  No.  1 represents  the  variation  of  a of  a p-type 

15  -3 

sample  of  InSb  of  hole  concentration  =3  x 10  cm  at  80  K. 

The  other  two  curves  were  taken  on  n-type,  degenerate  samples 
on  InSb  with  different  ionized  acceptor  concentrations,  with 
curve  No.  3 taken  from  the  sample  with  the  lowest  acceptor 
concentration.  The  results  suggest  that  the  absorption  corres- 
ponds to  electron  transitions  to  the  conduction  band  from 
an  impurity  level  close  to  the  valence  band. 

At  low  densities,  the  shallow  impurities  form  discrete 
localized  energy  levels  in  the  forbidden  gap.  If  the  impurity 
concentration  is  increased  sufficiently,  the  impurity  wave 
functions  can  overlap,  forming  an  impurity  band  in  which 
electrons  and  holes  are  free  to  move.  If  the  concentration 
is  still  further  increased,  the  impurity  bands  broaden  and 
overlap  the  main  band  edge.  Thus  a density-of-ctates  tail 
is  formed  which  extends  into  the  forbidden  gap.  Realistic 
calculations  of  the  doping  level  at  which  overlap  occurs 
are  difficult.  Furthermore,  in  absorption  experiments,  the 
effect  of  a band  tail  is  usually  masked  by  the  Burstein-Moss 
shift  of  the  absorption  edge  to  larger  energies.  Figure  3 
schematically  shows  this  situation.  17 
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VI . EXPERIMENTAL  WORK 

K 

A.  cw  CO^  Laser  Characterization 

The  operating  parameters  of  a CO2  laser  must  be  character- 
ized for  the  laser  to  be  a useful  laboratory  research  device. 

It  is  useful  to  know  the  working  ranges  of  output  power,  wave- 
length, discharge  current,  gas  pressure,  and  temperature.  The 
effect  on  other  parameters  as  one  parameter  is  changed  should 
be  known.  Repeatability  of  measurements  and  changing  of  output 
power  and  parameters  as  a function  of  time  would  be  useful 
information  also.  Attempts  were  made  when  possible  to  study 
these  parameters  and  their  effects  on  the  laser. 
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Spectral  Measurements 

The  wavelength  of  the  output  is  controlled  by  a rotating 
grating  which  is  driven  by  a micrometer.  The  experimental 
arrangement  for  the  spectral  measurements  is  shown  in  Fia.  4. 

For  a set  current,  mirror  reflectivity,  and  pressure,  the  power 
of  each  line  was  recorded  using  a beam  splitter  and  a Scien- 
tech  Calorimeter  as  seen  in  Fig.  4.  The  micrometer  reading  was 
recorded  and  the  wavelength  of  the  line  was  ascertained  from 
viewing  the  line  using  an  Optical  Engineering  C02  Laser  Spectrum 
Analyzer.  For  the  laser  operating  in  the  TEMQ0  mode,  the  micro- 
meter was  set  on  a line  by  using  the  Spectrum  Analyzer  and  the 
Calorimeter  to  maximize  the  power.  Using  the  beam  splitter, 
only  relative  powers  were  obtained  but  could  be  directly  com- 
pared to  full  power  readings.  More  than  90  lines  with  power 
greater  than  one  watt  were  obtained  between  wavelengths  of 
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Fig.  4 — Experimental  Arrangement  for  Optical 
Alignment  and  Spectral  Measurements. 


12 


9.192  and  10.885  urn.  Seventy  lines  are  available  over  two 
watts,  59  lines  over  5 watts,  and  25  lines  over  10  watts.  This 
compares  well  with  Molectron's  IR  250  laser  which  produces  90 
lines  over  one  watt.  Table  I lists  the  observed  laser  lines 
with  their  respective  micrometer  settings.  The  grating  was 
tuned  through  the  full  range  of  wavelengths  many  times  to  check 
repeatability  of  the  grating  settings  and  to  see  what  difference 
using  the  62  or  70%  output  coupler  would  make.  Also  the 
pressure  was  varied  from  12  to  18,  finally  to  23  torr,  and  the 
time  the  laser  had  been  operating  was  varied  from  between  10 
minutes  to  3 hours.  It  is  noted  that  repeatability  of  arating 
settings  varied  as  much  as  ±0.04  mm.  Some  sets  of  data  have 
lines  listed  at  settings  that  corresponded  to  different  lines 
in  other  data. 

It  is  noted  that  stability  and  repeatability  of  power 
output  varies  considerable  for  the  first  thirty  minutes  to 
an  hour  after  turning  on  the  laser.  Heating  effects  in  the 
solid  aluminum  grating  block  might  very  easily  account  for 
this  instability.  Taking  into  consideration  that  the  power 
incident  on  the  grating  varied  while  tuning  from  line  to  line, 
and  that  the  laser  was  on  for  varying  amounts  of  time,  variance 
in  the  micrometer  setting  can  be  accounted  for.  When  tunincr 
from  line  to  line,  the  laser  should  be  allowed  to  run  at  least 
30  minutes  on  one  line  for  reliable  results.  For  best  accuracy 
in  line  selection,  the  Spectrum  Analyzer  should  be  used  to  view 
the  line.  It  is  also  noted  that  at  several  places  in  the 
spectrum  it  is  possible  to  lase  on  two  and  sometimes  three 
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TABLE  I 


IDENTIFICATION  OF  SPECTRAL  LINES  AND 
CALIBRATION  OF  MICROMETER 


Grating  Micrometer 
Reading  in  0.001  mm 

Wavelength 
in  jjm 

Wavelength 
in  cm~l 

Transition 

8187 

9 .149 

1092 . 93 

020  R ( 4 6 ) 

8218 

9.157 

1091.98 

R ( 4 4 ) 

8253 

9.166 

1091.01 

R(42) 

8291 

9.174 

1090.01 

R (40) 

8325 

9.183 

1088.98 

R ( 38 ) 

8362 

9.192 

1087.93 

R(  36) 

8403 

9.201 

1086.86 

R ( 3 4 ) 

8434 

9.210 

1085.75 

R ( 32) 

8481 

9.219 

1084.62 

R ( 30 ) 

8516 

9.229 

1083.47 

R (28) 

8550 

9.239 

1082.29 

R(  26) 

8600 

9.250 

1081.08 

R(24) 

8647 

9.260 

1079.35 

R ( 22 ) 

8690 

9.271 

1078 . 58 

R ( 20) 

8743 

9.282 

1077.30 

R ( 18 ) 

8791 

9.293 

1075.98 

R ( 16 ) 

8840 

9.305 

1074.64 

R ( 14 ) 

9890 

9.317 

1073.27 

R(12) 

8940 

9 .329 

1071.88 

R ( 1 0) 

9001 

9.342 

1070.46 

R(8) 

9060 

9.355 

1069.01 

R ( 6 ) 

9104 

9.367 

1067.53 

R ( 4) 

9362 

9.428 

1060.57 

020  P ( 4 ) 

9415 

9.442 

1058.94 

P ( 6 ) 

9490 

9.458 

1057.30 

P ( 8 ) 

9553 

9 .473 

1055.62 

P(10) 

9617 

9.488 

1053.92 

P ( 12 ) 

9686 

9.504 

1052.19 

P (14 ) 

9752 

9.519 

1050.44 

P (16 ) 

9819 

9.536 

1048.66 

P ( 1 8 ) 

9885 

9.552 

1046.85 

P ( 20) 

9971 

9.569 

1045.02 

P (22 ) 

10027 

9.586 

1043.16 

P (24) 

10105 

9.603 

1041.27 

P (26) 
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TABLE  I (CONTD.) 


Grating  Micrometer 
Reading  in  0.001  mm 

Wavelength 
in  pm 

Wavelength 
in  cm'^ 

Transition 

10171 

9.621 

1039.36 

P ( 28 ) 

10258 

9.639 

1037.43 

P (30) 

10323 

9 .657 

1035.46 

P ( 32 ) 

10417 

9.676 

1033.48 

P ( 34  ) 

10495 

9.694 

1031.46 

P (36) 

10573 

9.714 

1029.43 

P ( 38) 

10651 

9.733 

1027.36 

P (40) 

10745 

9.753 

1025.28 

P ( 4 2 ) 

10828 

9.773 

1023 . 16 

P (44  ) 

10917 

9 .794 

1021.03 

P (46) 

11016 

9.815 

1018 . 87 

P ( 4 8 ) 

11101 

9 .836 

1016.68 

P ( 50) 

12210 

10.095 

990.78 

100  R ( 4 6 ) 

12249 

10.105 

989.78 

R ( 4 4 ) 

12289 

10.115 

988.76 

R ( 4 2 ) 

12352 

10.126 

987.71 

R ( 4 0 ) 

12396 

10.137 

986 .64 

R ( 3 8 ) 

12434 

10.148 

985.55 

R ( 36 ) 

12500 

10.159 

984.43 

R ( 34 ) 

12545 

10.171 

983.29 

R ( 32) 

12592 

10.182 

982 .13 

R ( 30 ) 

12648 

10.195 

980 .94 

R(  28) 

12708 

10 .207 

979.73 

R ( 26 ) 

12757 

10.220 

978.49 

R ( 24 ) 

12340 

10 . 233 

977.23 

R ( 22 ) 

12870 

10 . 247 

975.94 

R ( 20) 

1294  5 

10.260 

974 .63 

R ( 18 ) 

13017 

10.275 

973.30 

R ( 16) 

13055 

10.289 

971.94 

R (14) 

13145 

10 . 304 

970 . 56 

R ( 1 2 ) 

13181 

10 .319 

969.15 

R ( 10) 

13296 

10.333 

967 .72 

R ( 8 ) 

13327 

10.350 

966.26 

R ( 6 ) 

13743 

10.441 

957.81 

100  P ( 4 ) 

13819 

10.458 

956.20 

P (6) 

13893 

10.476 

954 . 56 

P ( 8 ) 

13974 

10.494 

952.89 

P(10) 

14039 

10 .513 

951.20 

P ( 12 ) 

14133 

10.532 

949.49 

P ( 14) 

14226 

10.551 

947.75 

P ( 1 6) 

14  321 

10.571 

945.99 

P ( 1 8) 

14403 

10.591 

944.21 

P ( 2 0 ) 
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TABLE  I 


(CONTD. ) 


Grating  Micrometer 
Reading  in  O.OOlmin 

Wavelength 
in  un» 

Wavelength 
in  cm“i 

Transition 

14500 

10.611 

942.40 

P (22) 

14575 

10.632 

940.56 

P ( 24 ) 

14680 

10.653 

938.71 

P (26) 

14728 

10.675 

936.83 

P (28) 

14862 

10.696 

934.92 

P (30) 

14964 

10.719 

933.00 

P ( 32) 

15059 

10.741 

931.05 

P (34) 

15153 

10.765 

929.07 

P (36) 

15263 

10.788 

927.08 

P ( 38) 

15368 

10.812 

925.06 

P ( 40) 

15449 

10.936 

923.02 

P ( 4 2) 

15575 

10.860 

920.95 

P (44) 

15690 

10.885 

918.86 

P (46) 

15801 

10.911 

916.76 

P ( 48) 

15910 

10.936 

914.63 

P ( 50) 
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lines  with  powers  as  great  as  single  lines.  The  only  way  to 
avoid  this  is  to  use  the  Spectrum  Analyzer.  It  is  found  that 
once  the  laser  is  stable,  the  line  will  not  move  over  a period 
of  several  hours.  The  laser  can  be  left  overnight  and  turned 
on  without  change  in  wavelength. 

Along  with  the  micrometer  setting  for  each  line,  the 
relative  powers  for  each  line  in  the  four  branches  were 
recorded.  Figure  5 shows  three  sets  of  data  for  the  R 
branch  cf  the  (001+020)  transition.  Shown  is  data  for  the 
70%  reflector  and  different  pressures.  The  62%  reflector 
shows  no  noticable  difference  in  data.  Superimposed  upon 
the  data  is  a curve  showing  the  general  shape  of  the  data. 

This  curve  follows  the  general  behavior  observed  for  the 
gain  and  power  of  this  branch.  Other  people  have  noticed 
similar  scatter  in  the  data  around  the  general  curve.  This 
scatter  might  be  somewhat  explained  by  the  heating  effect  on 
the  grating.  When  left  on  one  particular  line  for  a period 
of  at  least  30  minutes,  the  power  level  will  stabilize  and 
remain  stable  for  hours. 

Figure  6 shows  the  P branch  of  the  (001+020)  transition 
with  a general  curve  shape  drawn  through  the  data.  The  curve 
shows  the  highest  powers  for  the  lines  22-18  as  also  shown  in 
Figure  5,  although  overall  power  levels  are  slightly  higher 
than  in  Figure  5.  The  peaks  and  the  relative  powers  are  as 
would  be  expected.  Figure  7 shows  the  R branch  of  the 

(001+020)  transition.  Again  the  powers  and  curve  shaoe  are 
as  expected. 


(□o  □□ 
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Fia.  7 — Relative  Power  for  Lines  of  C0_(100)  R Branch 
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In  Figure  8 quite  unexpected  behavior  is  seen  in  the  P 
branch  of  the  (001-^020)  transition.  It  would  be  expected 
that  the  data  would  follow  the  general  curve  shape  as  in 
the  previous  figures  and  that  the  largest  power  output  would 
occur  at  10.6  ym  or  the  18-22  lines.  In  all  the  data  taken, 
the  same  general  shape  is  seen,  notably  a considerable  lack 
of  any  power  around  10.6  tm.  In  trying  to  find  the  reason 
for  the  power  drop,  transit  ission  curves  were  obtained  on 
the  output  couplers  and  the  NaCl  windows.  Both  showed 
proper  transmissions  at  10.6  pm  and  did  not  vary  enough  at 
other  wavelengths  to  appear  to  be  causing  problems.  We  are 
still  investigating  the  cause  of  this  behavior. 

Effect  of  Discharge  Current  and  Gas  Pressure 
In  order  to  characterize  a laser  properly,  it  should  be 
known  how  the  output  power  varies  with  varying  pressure  and 
discharge  current.  The  laser  output  was  taken  directly  into 
the  Scien-tech  Calorimeter.  The  output  of  the  calorimeter 
was  fed  into  the  Y-axis  of  the  chart  recorder.  Provisions 
are  incorporated  into  the  power  supply  for  automatically 
sweeping  the  current.  The  value  of  the  current  is  fed  into 
the  X-axis  of  the  chart  recorder.  The  current  was  swept  from 
12  mA,  the  lowest  current  to  sustain  high  pressure  discharges, 
to  30  mA,  the  maximum  current  output  of  the  power  supply. 
Pressure  could  then  be  varied  and  a current  sweep  made  at  each 
pressure.  Pressure  was  varied  in  steps  of  two  torr  to  get  the 
general  range  of  usable  pressures.  The  results  can  be  seen  in 
Figure  9.  The  curve  for  22  torr  is  left  off  because  it  closely 
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coincides  with  the  20  torr  curve.  To  find  the  pressure  at 
which  maximum  output  occurs,  curves  were  taken  starting 
with  19  torr  increasing  in  steps  of  one  torr.  The  results 
are  given  in  Figure  10.  The  last  pressure  is  22  torr  since 
the  output  power  is  dropping.  It  can  be  seen  that  maximum 
output  occurs  at  21  torr  pressure  for  16  mA.  All  curves 
were  repeated  at  least  twice  to  make  sure  they  were  repro- 
ducible. The  dependence  on  current  shown  is  quite  under- 
standable considering  that  increased  current  increases 
pumping  rates  and  gas  temperature.  Above  a certain  current, 
temperature  effects  overcome  the  enhanced  pumping,  and 
population  inversion  is  lessened  reducing  gain  and  power. 

The  effect  of  pressure  is  also  well  known.  Increasing 
pressure  increases  gain  and  power  as  more  active  CC>2  anc^ 

N2  molecules  are  fed  into  the  system.  With  increased 
pressure,  comes  increased  field  intensity,  increasing  the 
gas  temperature.  At  a certain  pressure,  gas  temperature 
dominates  and  depopulates  the  upper  level,  decreasing  gain 
and  power . 


Amplitude  Stability 

In  order  for  the  laser  to  be  a useful  laboratory  instru- 
ment the  variation  of  output  power  with  time  should  be  known. 
It  is  important  to  know  long  term  stabilitv  over  periods  of 
hours  and  short  term  stability  over  periods  of  seconds.  After 
an  initial  warmup  period  of  one  hour,  typical  long  term 
stability  can  be  seen  in  Figure  11.  Power  fell  from  9.9  watts 
to  about  9.4  watts  in  a period  of  3 hours.  This  gives  a long 


Fig.  ll--Power  vs.  Time,  Long-Term  Stability 
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term  stability  of  about  ±3%.  This  stability  has  been  main- 
tained for  periods  of  5 hours  and  longer.  This  compares 
very  well  to  Molectron's  Model  IR250  laser  which  has  a long 
term  stability  of  ±3%  over  4 hours.  Often  original  power 
levels  can  be  regained  by  simply  adjusting  the  grating 
micrometer  indicating  a misalignment  due  to  thermal  drifts. 
Short  term  stability  was  measured  using  a gold  doped  Ge 
detector.  After  an  initial  warmup  of  one  hour  the  laser 
reached  maximum  short  term  stability.  Amplitude  stability 
for  less  than  one  second  is  ±0.75%.  Stabilitv  for  30  seconds 
is  approximately  ±1%  and  for  five  minutes  is  approximately 
±1.5%.  This  compares  favorably  with  the  Molectron  Model 
IR250  which  reports  stability  for  less  than  one  second  of 
±0.5%. 


Summary 

A working  carbon  dioxide  laser  capable  of  producting 
over  ten  watts  of  power  on  many  lines  from  9-11  um  has 
been  constructed  and  characterized.  The  tube  is  built 
with  the  best  designs  and  materials  readily  available. 

The  tube  diameter  is  large  enough  that  an  intracavity 
iris  can  be  used  for  mode  control.  Cooling  is  accomplished 
using  tape  water  although  plans  are  made  to  use  a better, 
variable  temperature  cooling  system.  The  grating  and 
output  coupler  mounts  have  been  found  to  have  sufficient 
precision  and  reproducibility. 
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Measurements  on  wavelength  selectibility  show  that 
the  number  of  lines  available  compares  well  with  commercial 
lasers.  Left  on  one  line,  the  grating  assembly  allows  for 
excellent  reproducibility  after  turning  the  laser  on  and  off 
several  times.  Varying  the  pressure  and  current  had  not 
noticeable  effect  on  line  selectability . The  overall  power 
of  the  strongest  lines  was  less  than  can  be  obtained  in 
commercial  lasers.  All  the  power  versus  wavelength  curves, 
except  the  one  centered  on  10.6  y,  gave  the  expected  results. 

A lack  of  power  was  noted  around  10.6  y.  It  is  suspected 
that  it  may  be  a grating  related  problem.  Trying  a new 
grating  will  supply  more  information  on  this  problem. 

Varying  the  current  and  pressure  and  noting  the  output 
power  showed  that  the  maximum  power  output  for  the  12.5  mm  ID 
tube  was  for  21  torr  and  16  mA.  This  is  the  behavior  that  was 
expected.  It  would  be  desirable  to  have  output  couplers  of 
differing  reflectivities  to  use  in  the  power  measurements  so 
that  the  reflectivity  could  be  optimized  for  the  other 
optimized  parameters. 

Long  term  stability  for  periods  of  over  five  hours  has 
been  achieved  that  equals  that  of  commercial  lasers.  The 
stability  and  line  selectibility  are  the  features  of  the 
laser  that  compare  most  favorable  with  commercial  lasers 
available . 
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B.  Installation  and  Operation  of  Electro-Optic  Switch 

Electro-Optic  devices  are  very  attractive  for  beam 
chopping.  Currently  we  are  installing  one  that  will  provide 
variable  laser  beam  pulse  widths  from  about  50  nsec  to  5 usee. 
With  this  device  we  shall  be  able  to  directly  measure  the 
energy  relaxation  time  of  the  electron  gas  that  is  controlled 
by  acoustic  phonon  processes.  These  time  scales  sometimes 
approach  hundreds  of  nsec. 

The  difficulty  in  operation  has  been  in  removing  the 
unwanted  signals  produced  by  the  radiation  emmitted  durina 
the  fast  rise  and  fall  times  of  the  voltage  pulse  applied 
to  the  electro-optic  device.  We  think  that  this  can  be 
solved  by  proper  shieldina  and  termination  techniques. 


VII.  CO-LASER  INDUCED  HEATING  OF  THE  ELECTRON 


GAS  IN  n-InSb 

Absorption  in  InSb  in  the  5 pm  region  is  interesting, 

since  it  involves  a variety  of  processes  such  as  interband 

and  impurity  level  transitions,  as  well  as  free  carrier 

absorption.  In  fact,  it  was  pointed  out  by  Dr.  A.  Miller  in 

an  invited  talk  ("Nonlinear  Effects  Induced  by  Lasers")  at 

the  14th  International  Conference  on  the  Physics  of  Semiconductors. 

Edinburg,  Scotland  that  the  origin  of  the  absorption  tail  below 
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the  band  gap  of  InSb  has  not  been  resolved.  The  laser-induced 
hot  electron  effects  which  we  are  investigating  involve  these 
absorption  processes.  In  fact,  we  shall  show  in  this  section 
that  laser  induced  hot  electron  studies  provide  an  alternative 
means  of  unraveling  the  nature  of  the  absorption  near  the 
band  gap  of  InSb. 

As  described  earlier,  the  SdH  effect  can  be  used  to 

determine  the  electron  temperature  of  the  heated  electron 

gas.  The  results  of  our  first  study  on  CO  laser  heating  in  a 

15  -3 

sample  of  concentration  = 10  cm  are  presented  in  Figure  12. 

A model  consisting  of  a valence  band,  conduction  band,  and  an 
acceptor  level  lying  7-10  meV  above  the  valence  band  is  shown 
to  adequately  describe  these  results.  The  effects  of  free 
carrier  absorption  are  negligible  compared  to  those  of  direct 
interband  and  acceptor  level  absorption  processes.  Photoexcited 
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electrons  are  created  with  an  excess  energy  AE  above  the 
Fermi  energy,  E_, , by  impurity  level  or  interband  transitions. 

r 

These  ohotoexcited  electrons  then  heat  the  carriers  in  the 
conduction  band  via  carrier-carrier  scatterino  resulting  in 
a quasi-equilibrium  state  with  an  increased  electron  temper- 
ature T . 

e 

The  5.39  and  5.315  ym  wavelengths  used  correspond  to 

photon  energies  of  230.2  and  233.5  meV  respectively.  The 

pertinent  features  of  these  impuritv-to-band  transitions  are 

shown  in  Fig.  13.  These  photon  energies  are  sufficient  to 

stimulate  transition  from  the  acceptor  level  (but  not  the 

valence  band)  to  the  conduction  band.  The  value  of  T is 

e 

seen  to  rise  with  P since  the  number  of  photoexcited  electrons 

and  hence  the  amount  of  electron  heating  is  increased  as  P ^ is 

increased.  Tg  finally  appears  to  level  off  due  to  depletion 

13 

of  the  acceptor  level  (as  there  are  only  about  10  uncompen- 
sated acceptors)  , the  change  in  concentration  of  a 10"*"5  cm  ^ 
n-type  sample  is  limited  to  approximately  1%.  The  value  of  Tg 
is  higher  for  the  higher  photon  energy  line  for  a fixed  PI 
since  the  excess  energy  AE  is  greater,  so  more  heating  occurs. 

The  photon  energy  of  the  5.245  ym  wavelength  is  235.6  meV 
and  is  sufficient  to  excite  acceptor  level  transitions  but  falls 
just  short  of  being  energetic  enough  to  excite  direct  interband 
transitions  at  Tg  = 1.8  K.  Electrons  excited  from  the  impurity 
level  have  a larger  excess  energy  than  in  the  5.315  ym  case 
and  therefore  substantial  heating  of  the  electron  gas  occurs 
for  small  incident  laser  powers.  However,  as  the  electron 


Impurity  —^Band  Transitions 


e-e  Scattering  Heats 


I 


Fig . 13 --Schema tic  depiction  of  impur ity-to-band  photo- 
transition and  band-to-impurity  radiative  transition. 
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gas  is  heated,  the  electron  distribution  function  or  the 
occupied  density  changes  so  that  states  are  made  accessible 
for  direct  interband  transitions.  These  case  is  shown  schem- 
atically in  Fig.  14.  Hence,  initially  at  lower  electron 
temperatures  no  direct  transitions  could  take  place,  but 
after  heating  of  the  electron  gas  by  the  photoexcited  electrons 
produced  from  the  acceptor  level,  these  transitions  become 
possible.  However,  the  electrons  excited  from  the  valence 
band  have  very  little  excess  energy  and  thus  make  no  significant 
contribution  to  the  electron  temperature.  Thus,  the  electron 
temperature  is  seen  to  rise  quickly  and  then  level  off  as  the 
acceptor  levels  are  depleted  and  interband  transitions  commence. 

This  interpretation  of  the  variation  of  the  electron 
temperature  with  peak  incident  laser  power  is  also  confirmed 
by  the  observed  changes  in  SdH  period  at  5.245  pm.  The  electron 
concentration  (as  determined  by  the  SdH  period)  remains  constant 


until  the  electron  temperature  reaches  about  3.3  K at  a peak 
laser  power  of  =40  mW.  Thereafter,  the  electron  concentration 
increases  with  laser  power.  There  is  about  a 25%  increase  in 
concentration  when  the  laser  power  is  increased  from  40  mW  to 
240  mW,  even  though  the  electron  temperature  remains  fairly 
constant  over  this  range. 

The  two  shortest  wavelengths  studied  (5.185  and  5.155  ym) 
have  photon  energies  of  239.3  and  240.7  meV  which  are  sufficient 
to  excite  direct  interband  transitions  with  a significant  AE 
remaining  as  well  as  acceptor  level  transitions.  The  absorp- 
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tion  coefficient  here  becomes  extremely  large,  so  that  the 
sample  is  probably  no  longer  uniformly  illuminated  throuqh 
its  entire  thickness.  Instead,  the  radiation  is  absorbed 
almost  entirely  in  the  first  part  of  the  sample  resulting 
in  intense  carrier  heating  there.  Consequently,  shows 
a rapid  rise  to  high  values  for  relatively  small  P^. 

The  optical  heating  data  presented  here  can  be  compared 
to  that  which  is  obtained  using  only  pulsed,  dc  electric  fields 
to  heat  the  carriers.  The  increase  of  electron  temperature  with 
applied  electrical  power  is  controlled  by  energy  loss  rates  of 
the  conduction  electrons  to  the  lattice  from  some  combination 
of  deformation-potential,  piezoelectric,  or  polar-optical 
phonon  scattering.  We  find  that  it  takes  an  applied  electric 
field  of  =70  mV/cm  to  heat  the  conduction  electrons  up  to 
an  electron  temperature  of  5 K with  the  lattice  at  a temperature 
of  1.8  K.  In  contrast,  the  increase  of  electron  temperature  in 
the  optical  case  is  controlled  by  absorption  and  recombination 
processes,  as  well  as  the  above  energy  loss  rates. 

In  summary,  Shubnikov-de  Haas  experiments  have  been  used 
to  determine  the  increase  in  temperature  of  the  electron  gas 
in  InSb  irradiated  by  a CO  laser.  The  dependence  of  the 
electron  temperature  upon  incident  laser  power  and  photon 
energy  is  shown  to  provide  information  on  the  absorption 
processes  in  InSb  in  the  vicinity  of  the  band  gap. 


VIII.  C02~LASER  induced  heating 
OF  THE  ELECTRON  GAS  IN  InSb 


A.  Extraction  of  Mobility  Values  from  Photoconductive 
Voltage  Measurements 

The  illuminated  recrion  of  the  model  shown  below  has  a 
different  conductivity  than  that  of  the  nonilluminated  reaions, 

namely  o = a + Aa  where  a is  the  conductivitv  of  the  nonillum- 

J o o 


inated  regions  and  A o 


o - o 


contact 

leads 


The  voltage  drop  V read  off  of  the  oscilloscope  is  the 
difference  between  the  voltage  drop  with  illumination  and 
without  illumination.  In  terms  of  the  aeometrv  of  the  sample 

V can  be  calculated  in  the  following  manner.  The  resistance 

P 

of  the  shaded  area  above  is  added  in  series: 


R = R + R = 2 2 ( 1-sinO ) 

sliver  ill  Kdark  ad  d@  o d sin9  d6 

o 
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Adding  the  slivers  of  area  3 in  parallel  and  integrating: 


1T-0 


4=  s 


2 _ + 2 (l-sin6) 


ad  d0  a d sin0  d© 

o 


(2) 


it  e 


ad 
= o 


S f- 


sin0  d9 


Aa 


sin© 


a 


where  = 1 - — — and  0 = cos 

a oo 


Aa 


-1/  W ) 

S W' 


Making  the  approx- 


imation that  — <<  1,  approximates  the  quantity 


(1-  — sin0)  ■*■  = 1 + — sin© 

o a 


The  integral  now  becomes: 

tt — 9 


a 

o 

T 


5 


0 


Aa 


sin©  (1  + — sin©)  d©  , so  that  finally 


i-  « a dfc 

*3  0 L 


cos©  + 4 -f  iir  - 0 + sin©  COS0 

o 2a  12  o o o 


0 


(3) 


The  resistances  of  areas  1 and  2 are  both: 


r = r = L_~  2r 
R1  R2  2a  Wd  * 

0 


(4) 


Adding  the  areas  1,  2,  and  3 in  series  the  final  total  resis- 
tance of  the  illuminated  sample  between  the  contact  leads  is: 


lill 


1 

o d 


L - 2r 


(5) 


cos© 


Aa  / tt 

o + 


— -©+•=-  sin  20 
o 2 


°) 


W 
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The  sample's  resistance  between  contacts  without  illum- 


ination (R^  is 


, =i  i 

dark  c WcT 

o 


The  difference  in  resistance  is  thus 


AR  = R . , . — R . , 

ill  dark 


which  produces  a change  in  the  voltage  drop  across  the  leads. 
This  change  in  voltage,  defined  as  , leads  to  the  follow- 
ing relationship: 


V = 1 AR 
P 


-1 


cosB  + 5-  - 8 +4  sin  29 

o 2ct\  2 o 2 oj 


By  simplification  and  expansion  we  have: 

I 


L-2r 


(6) 


, 2 c a 

2d  cos  9 


Act 

oQ 


1 - 0 + 7 

2 o 2 


i • ,„1 

sxn29  / 


(7) 


where  Au  = a - o and  I is  the  constant  current  throuoh  the 

o 

sample.  Note  that  when  Act  = 0,  = 0-  The  photoconductive 

voltage  when  9 = 0 or  (W  = 2r)  is: 

o 

_ 7t  I Act 

p 4 d ct  o 

^ o 

21 


(8) 


which  agrees  with  Hattori  et.al.  Now 
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I t - 8 + isin20  f 

o _ _y_  „ 2 o 2 oj 

Act 
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and 


Act 
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Am 
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V 2cd  cos^0 
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Thus  the  mobility  ratio  defined  as 

y _ y . Ay 


is  given  by 


2V  a d cos  0 

JL  - i _ P 0 2_ 


[(i-ec+7 


75-  sin  20 

2 0. 


This  is  the  mobility  ratio  for  when  the  beam  diameter  is 
greater  than  the  sample  height  (W) . For  the  case  in  which 
the  beam  diameter  is  equal  to  the  sample  width  (0  = 0) , 

the  mobility  ratio  is 


y _ 


1 

4V  a 
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B.  Photoconductivity 

InSb  is  a well-known  photoconductive  material  often  used 

for  detecting  electromagnetic  radiation  via  several  types  of 

22-25 

electronic  transitions.  Alternatively,  photoconductivity 

measurements  have  been  utilized  for  obtaining  information  on 

26 

properties  of  InSb  such  as  two-photcn  absorption  rates,  donor 

..  . , 27-30  . . 31-32  , , , 

impurity  levels,  LO  phonon  energies,  and  energy  band 

33 

parameters.  To  a small  extent,  hot  carrier  effects  generated 

by  dc  electric  fields  have  even  been  found  in  the  photoconduc- 
34 

tivity.  However,  we  know  of  no  attempt  to  use  the  free  carrier 
absorption  induced  photoconductiviy  to  investigate  photo-heated 
electrons  at  the  10  ym  wavelengths  of  the  CO 2 laser. 

Free  carrier  absorption  processes  at  10  ym  wavelengths 

| 

result  in  very  small  absorption  coefficients  in  low  concentra- 
tion samples  of  InSb.  Consequently,  quantitative  information 
about  the  laser-induced  heating  process  is  not  available 
because  experiments  have  been  difficult  to  carry  out.  In 
this  section  we  describe  the  first  measurements  of  the  electron 
temperature  from  photoconductivity  measurements  that  describe 
quantitatively  how  the  CC>2  laser  affects  the  degenerate  electron 
gas  in  a sample  of  concentration  -1  x 10^  cm  3. 

Figure  15  shows  a block  diagram  of  the  equipment  used  in 
these  experiments . The  sample,  immersed  in  liquid  helium  in  a 
variable  temperature  optical  dewar,  was  illuminated  with  a laser 
pulse  produced  by  mechanically  chopping  a beam  (TEM^q  mode) 
from  a gratina-tuned  cw  CC>2  laser  which  provided  single  line 
outputs  of  several  watts  from  ~9.2  ym  to  -10.9  ym.  Typical 


I 


induced  photoconductivity. 


short  term  amplitude  stability  of  this  cw  C02  laser  as  measured 
by  a gold-doped  germanium  detector  is  ~±1%,  with  the  longer 
term  (4-8  hours)  stability  being  ~ + 4%.  The  laser  pulse  width 
could  be  varied  by  using  different  slot  widths  on  the  chopper 
blade.  The  repetition  rate  could  be  varied  by  usina  blades 
with  different  numbers  of  slots  and  by  changing  the  blade 
rotation  speed.  To  avoid  sample  lattice  heating  by  the  laser 
the  duty  cycle  of  the  chopper  was  kept  below  3%.  Even  so,  at 
the  highest  laser  powers,  a large  pumping  rate  and  liquid 
helium  flow  rate  of  the  variable  temperature  dewar  were  needed 
to  maintain  the  lattice  temperature  of  the  sample  at  1.8  K. 

In  the  present  experiments,  a laser  pulse  with  a width 
of  ~20  ysec  (F.W.H.M.),  a rise  and  fall  time  of  -2  usee,  and 
a repetition  rate  of  -1700  Hz  were  employed. 

The  laser  oulse  was  focused  to  a diameter  of  approximately 
1.8  mm  at  the  sample  and  positioned  to  illuminate  the  region 
of  the  sample  between  the  potential  contacts.  The  laser  spot 
size  was  determined  using  a 1 mm  diameter  hole  mounted  in  the 
plane  of  the  sample.  The  ratio  of  transmitted  power  through 
a 1 mm  hole  to  the  power  transmitted  without  the  hole  gives 
a measure  of  the  spot  size,  assuming  a known  beam  profile. 

We  ascertain  the  spatial  beam  profile  with  thermal  imaging 
plates,  and  by  scanning  the  beam  across  a small  area  detector 
using  a rotating  mirror.  The  optical  components,  including 
an  intra-cavity  iris,  are  aligned  to  produce  a Gaussian  beam 
profile.  Calibrated  filters  of  either  CaF^  sheets  or  sheets 
of  Teflon  or  some  conbination  of  both  were  used  for  beam 
attenuation . 

L . . 
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Figure  16  shows  a plot  of  the  photoconductive  voltage  V 

P 

as  a function  of  dc  bias  current  I through  the  sample  for 

several  different  laser  powers  P incident  on  the  sample. 

The  negative  sign  means  that  the  mobility  increases  with 

incident  laser  power.  The  linear  behavior  is  understandable 

on  the  basis  of  a detailed  analysis  of  the  photoconductivitv 

At  high  currents,  a nonlinear  behavior  is  observed  which  is 

attributed  to  either  nonohmic  electric  field  behavior  or  to 

lattice  heating  (since  pulsed-current  techniques  were  not 

used) . We  restrict  all  our  measurements  to  a dc  bias  current 

of  2 mA  which  is  way  below  this  nonlinear  region. 

Figure  17  shows  a plot  of  the  photoconductive  voltaae 

Vp  versus  the  peak  incident  laser  power  for  two  different 

laser  wavelengths.  Again  at  low  laser  powers  Vp  seems  to 

follow  a linear  behavior  with  P^.  At  higher  laser  powers 

some  deviations  from  linearity  is  observed.  Using  these 

voltages,  the  sample  dimensions  and  lead  placement  positions, 

and  the  laser  beam  width  one  can  then  calculate  the  mobility 

of  the  sample  region  illuminated  by  the  laser. 

Figure  18  shows  comprehensive  results  obtained  from 

three  separate  experiments  on  how  the  mobility  changes  with 

(1)  applied  electrical  power  P_  (obtained  from  electrical 
. . 2 

heating  experiments  as  eyE  ) as  shown  in  Fig.  2(a);  (2)  lattice 
temperature  T as  shown  in  Fig.  2(b);  and,  (3)  incident  laser 

Lj 

power  Pj  as  shown  in  Fig.  2(c).  The  electron  concentration  is 

15  -3 

determined  to  be  1.4  x 10  cm  from  the  period  of  Shubnikov-de 


O X " I0.26yxm 


Pj  (watts) 


Fig.  17— Photoconductive  Voltage  V versus  peak  incident  laser 
power  P at  the  C02  laser  wavelengths  of  10.26  and  9.27  ym. 


18--Mobility  changes  with  (a)  applied  electrical  power  per  electron  P (which 
given  electric  field  E is  calculated  from  eyE  2)  , (b)  lattice  temperature  T 
c)  peak  incident  laser  power  P . - L 
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Haas  (SdH)  oscillations  and  is  constant  at  these  lattice 
temperatures  and  low  laser  powers  where  two  photon  absorption 
processes  are  completely  negligible.  Consequently, 

Act  _ Ay  _ AV  , 

a y V ' u; 

o 

where  A a = (a  - o ) , Ay  = y - y and  AV  = V-V  are  the  changes  in 
the  conductivity,  mobility,  and  voltage  drop  across  the  sample 
leads,  as  either  Tt , P_  or  are  varied  while  the  other  two 

Li  J.  ili 

variables  are  held  constant.  The  values  of  ct  , y , and  V 

o o o 

are  determined  at  2ero  laser  power  (P  = 0)  under  ohmic  con- 
ditions at  a lattice  temperature  of  1.8  K. 

As  shown  in  Figure  18 (b) , the  mobility  at  Pj  = 0 obtained 
using  ohmic  electric  fields  increases  with  lattice  temperature 
which  is  consistent  with  completely  dominant  ionized  impuritv 

momentum  relaxation.  ^ We  find  cQ  ~19.3  (ohm  - cm)  ^ , 

4 2 

yQ  ~8.6  x 10  cm  /V  sec,  in  agreement  with  other  experimentally 

determined  mobilities  with  similar  electron  concentrations  and 

3 5 36 

lattice  temperatures.  ' At  77  K,  aQ  and  yQ  rise  to  75  (ohm-cm) 

5 2 

and  3.2  x 10  cm  /V  sec,  respectively. 

The  CC>2  laser  radiation  is  partially  absorbed  via  free 
carrier  absorption  processes  and  subsequently  leads  to  a 
mobility  increase  as  observed  in  Figure  18  (c)  where  Ay/y  is 
plotted  versus  P , the  peak  incident  laser  power  at  a constant 
lattice  temperature  of  1.8  K.  An  electron  temperature  T^  can 
be  determined  for  each  wavelength  and  value  of  P^  by  making  a 
one-to-one  correspondence  between  the  mobility  changes  in  the 
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two  cases  shown  in  Figure  18(b)  and  18(c) . For  example. 

Figure  18(c)  shows  that  for  a peak  incident  power  of  about 

1.6  W,  Ay/y  = 0.10,  which  corresponds  to  a temperature  ~6  K. 

The  lines  shown  in  Figure  18  are  the  "best  fit"  lines 

through  the  data  points.  Consequently,  a plot  of  T&  versus 

Pj  can  be  made  as  shown  in  Figure  19.  Provided  the  steady 

state  is  controlled  by  inter-carrier  collisions,  the  carrier 

distribution  will  be  heated  Fermi-Dirac  distribution  with  a 

true  electron  temperature  T which  may  be  identified  with 

T°  if  the  carrier  heating  maintains  the  system  within  the 

regime  dominated  by  ionized  impurity  limited  mobilities. 

The  steady  state  remnant  excitation  pulse  at  e~Tijj  + e will 

F 

have  negligible  effect  on  the  mobility  at  our  low  excitation 
rates:  the  low  energy  carrier  assembly  is  only  minutely 

depleted  by  photoexcitation. 

Electric  field  heating  experiments  were  carried  out  at 
zero  laser  powers  in  order  to  calibrate  the  amount  of  optically 
absorbed  power  fed  into  the  electron  gas.  A pulsed  dc  electric 
field  of  20  usee  duration  was  used  to  avoid  sample  lattice  heat- 
ing so  that  only  the  electron  gas  was  heated,  while  the  lattice 
temperature  remained  at  1.8  K.  Figure  18(a)  shows  the  resultant 
mobility  change  versus  applied  electrical  power  P^  per  electron 
for  the  same  sample.  The  extracted  effective  electron  temper- 
atures  T (P_)  may  be  ctqain  identified  with  the  true  electron 

& £j 

temperature  T under  appropriate  conditions.  In  which  case, 

we  may  invert  the  functional  relations  T =t'  (P„)  and  T E-  T E(P„) 

eel  e e E 


r 
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to  deduce  the  thermodynamic  relationship  (P)  under  the 

t a x 

o E 

constraint  T = T = T , where  P is  the  portion  of  absorbed 
e e e a c 

optical  power  transferred  to  the  carrier  assembly  via  inter- 
carrier collisions  prior  to  dissipation  to  the  lattice.  The 
extreme  case  (Model  I)  occurs  when  the  inter-carrier  energy 

loss  rate  T (scattering  out  term)  exceeds  all  other  energy- 
66 

loss  rates  r ^ due  to  phonon  scattering  at  all  energies  up  to 
and  exceeding  the  photo-excitation  energies  (-e^  + 4 + •fi,j)  . 

In  this  instance  P = a(X)dPT,  where  a (A)  is  the  steady  state 
free  carrier  absorption  coefficient  and  d is  the  sample  thick- 
ness. It  follows  that  ot(X,Tg)  may  be  extracted  exactly  as 
the  ratio: 


(A 


V = 


VTe> 

pTTtT^T 


i 

cT 


(2) 


where  we  make  the  wavelength  A and  electron  temoerature  T 

e 

dependences  explicit. 

Our  estimates  of  the  critical  carrier  concentration  n 

c 

for  which  r&e>>  F^^  ensures  a valid  electron  temperature 

37 

model  are  based  on  similar  calculations  to  Stratton  but 
for  relaxation  againse  a degenerate  distribution  in  the  pre- 
sence of  Thomas-Fermi  screening.  While  the  present  sample 
concentration  satisfied  n>>nc  for  energies  e<eF  + tTuj,  , where 
£p  is  the  Fermi  energy  and  fioj  the  LO  phonon  energy,  we  find 
n<nc  for  higher  energies  where  energy  loss  to  the  lattice  is 
controlled  by  fast  polar-mode  optical  phonon  emission  processes. 
In  these  circumstances  (Model  II)  we  might  anticipate  that  a 
substantial  fraction  8 of  the  opticallv  absorbed  power 
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P = ad  P is  transferred  to  the  lattice  by  optical  phonon 

cascading  as  the  photo-excited  electrons  scatter  to  energies 

below  the  threshold  for  which  ^'epj1>^ee‘  The  residual  power, 
o 

P = [1  - B(X)]P  , will  then  be  effective  in  heating  the 

cl  cl 

carriers  into  a Fermi-Dirac  distribution  with  electron  tem- 
perature Tq  via  inter-carrier  collisions.  The  subsequent 
quasi-thermalized  distribution  will  then  lose  energy  to  the 
lattice  via  predominantly  acoustic  phonon  processes  at  the 
rate  [1  - 8(X)]P°  . In  this  case  we  find 

3. 


[1  -B(X)]a(A,T)  = — - — - — - (3) 

e P_(T  X)  d 

X “ / 

2 

Plots  of  P (T  )/P  (T  A)d  versus  X for  the  range  of 

ij  6 X 0 r 

available  wavelengths  indicate  an  approximately  linear  varia- 
tion with  values  extrapolated  to  zero  wavelength  being  negative. 

These  non-zero  negative  extrapolated  values  are  consistent  with 

2 

a non-zero  loss  factor  B(X)  ~ 1/X  in  the  physical  regime.  The 
finite  width  of  the  excitation  pulse  Ae'e^  + 4 kg  T^  precludes 
a strong  oscillatory  photoconductivity  effect  (B(X)  - 1).  Indeed, 
the  presently  available  spread  of  photoexcitation  energies 
Ae<Tiwo  is  not  sufficient  to  expose  any  definite  oscillatory 
structure. 

The  analysis  of  Models  I and  II  may  be  summarized  by  the 
general  expression 


“eff(X'Te] 


* VTe>/PI(VX>d 


(4) 
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which  relates  an  ef feed ve  free  carrier  absorption  coefficient 

= a[l  - 8]  to  experimentally  accessible  quantities.  Model 

I involves  8=0.  Experimentally,  as  shown  in  Figure  20,  we 

find  values  for  a in  the  ranae  0.005  cm  ^ - 0.03  cm  ^ 

erf 

for  the  electron  temperature  and  wavelength  ranges  3.5  - 6 K, 
and  9.271  - 10.719  pm,  respectively.  We  note  that  at  10.6  um 

typical  values  for  a have  been  reported  in  the  range  0.3  to 

~ 1 i 6 — 3 

0.6  cm  for  a higher  concentration  of  -lO-  cm  at  low 

3 8 

temperature.  The  ratios  A[P_(T  )/P_(T  , X)d]=Aa  £_(X,T  ) 

Ee  le  effe 

H Aa(X,Tc),  evaluated  at  constant  wavelength , indicate  a 
weak  variation  of  the  true  absorption  coefficient  a(X,Te) 
with  electron  temperature. 

C.  Shubnikov-de  Haas  Studies 

Shubnikov-de  Haas  effect  studies  have  been  carried  out- 

15  15 

in  samples  with  electron  concentrations  of  ~1  * 10  , ~7  x 10  ' , 

16  _ 3 

and  ~2  * 10  cm  . When  a C0?  laser  pulse  is  incident  upon 
the  sample,  carrier  heating  occurs  and  the  amplitude  of  the 
SdH  oscillations  decreases.  We  have  carried  out  a compre- 
hensive investigation  in  which  the  carrier  heating  in  these 
samples  was  investigated  as  a function  of  incident  laser 
power  for  various  laser  frequencies.  In  addition,  electrical 
heating  experiments  have  also  been  carrier  out  in  order  to 
determine  aeff-  Currently  we  are  in  the  process  of  analyzing 
these  experiments  and  thus  will  report  on  them  next  time. 
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Fig.  20 — Effective  free  carrier  absorption  coefficient,  aeff, 
versus  several  wavelengths  of  the  CC>2  laser  at  various  electron 
temperatures  T . 
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X.  FUTURE  PLANS 

A.  CC>2  Laser  Heating 

Continued  studies  on  samples  with  different  electron 
concentrations  will  be  carried  out.  In  addition,  we  are  in 
the  process  of  carrying  out  time-resolved  hot  electron  measure- 
ments in  order  to  measure  x , the  phenomenological  energy 
relaxation  time.  This  will  enable  a direct  calculation  of 

without  having  to  do  a parallel  electric  heating  experi- 
ment on  the  sample.  Production  of  higher  laser  intensities 
by  Q-switching  will  continue  to  be  a hicrh  priority.  This  will 
enable  us  to  extend  our  measurements  into  regions  where  the 
electron  gas  loses  energy  to  the  lattice  via  optical  phonons. 

The  application  of  the  techniques  for  investigating  laser-induced 
heatincr  can  also  be  applied  to  investiaate  other  semiconductors 
of  technological  importance,  such  as  GaAs.  Continued  emphasis 
will  be  placed  on  a quantitative  theoretical  understanding  of 
the  hot  carrier  generation  process. 

B.  CO  Laser  Heating 

The  investigation  of  laser-induced  hot  electrons  in  InSb  , 

produced  with  the  CO  laser  promises  to  be  very  fruitful  in 
understanding  the  absorption  processes  near  the  band  gap  region. 

We  shall  continue  to  study  the  relationship  between  the  absorp- 
tion processes  and  the  carrier  heatincr.  Samples  with  different 

electron  concentrations  and  N.  values  will  be  studied.  An 

A 

investigation  of  the  photoconductivity  in  this  complex  region 
will  be  undertaken.  There  is  also  the  possibility  of  observ- 
ing laser-induced  electron  cooling  effects. 
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ELECTRIC  FIELD  DEPENDENCE  OF  THE 
POSITIONS  AND  AMPLITUDES  OF  MAGNETOPHONON 
OSCILLATIONS  IN  n-InSb  AT  77  Kt 
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North  Texas  State  University,  Denton,  TX  76203,  U S A. 

and 

J.  R.  Barker 

University  of  Warwick,  Coventry,  England 

Abstract— The  influence  of  pulsed  electric  fields  on  the  magnetophonon  streture  in  the  transverse  and  longitudinal 
magnetoresistance  of  n-InSb  at  77  K has  been  reexamined  using  a magnetic  field  modulation  technique.  For  the 
transverse  configuration,  a shift  to  higher  magnetic  fields  with  increasing  electric  field  is  observed  for  the  resistance 
maxima  up  to  N = 8 The  amplitudes  decrease  monotonously  and  disappear  at  about  60V/cm  for  N = 3.  In  the 
longitudinal  case,  the  extrema  shift  to  lower  magnetic  fields  as  the  electric  field  is  increased.  In  contrast  to  the 
transverse  case,  the  amplitudes  increase  by  a factor  of  1.8  up  to  l5V/cm,  and  then  either  decrease  or  become 
saturated,  depending  on  the  harmonic  number  of  the  extremum  under  consideration.  These  experimental  results  are 
discussed  within  the  context  of  calculations  based  on  a quantum  kinetic  equation  approach  and  predictions 
obtained  from  a simplified  analytical  theory 


1.  INTRODUCTION 

Several  experimental  investigations  have  been  reported 
on  the  changes  in  the  magnetophonon  effect  in  n-InSb  at 
77  K under  application  of  electric  fields  [11.  For  the 
transverse  configuration  B 1 J.  Curby  and  Ferry!2J 
found  a shift  of  the  resistance  maxima  to  higher  mag- 
netic fields  with  increasing  electric  field.  However,  their 
experimental  resolution  only  allowed  the  detection  of  the 
N = 1.2  and  3 extrema  and  no  quantitative  information 
on  the  dependence  of  the  amplitudes  on  the  electric  field 
was  given.  Restricting  the  applied  electric  field  to  values 
<1  V/cm.  Hamaguchi  el  a/.(3,4)  observed  mag- 
netophonon oscillations  of  the  warm-electron  coefficient 
P,  but  no  shift  of  the  extremal  positions  at  these  low 
fields  was  observed.  For  the  longitudinal  case  B ||  J.  ho  et 
ul.  [5]  reported  the  disappearance  of  the  normal  mag- 
netophonon series  by  applying  electric  fields  up  to 
70V/cm  and  the  emerging  of  two  new  series  of  extrema 
which  tentatively  were  explained  by  applying  electric  fields 
up  to  70  V/cm  and  the  emerging  of  two-LO-phonon 
scattering  processes (61.  No  shift  of  the  positions  of  the 
ordinary  series  was  reported.  In  contrast,  Curby  and 
Ferry  [7]  found  a shift  of  these  extrema  in  the  longitudinal 
configuration  to  higher  magnetic  fields  and  gave  an  inter- 
pretation of  this  shift  as  being  produced  by  the  hot-electron 
induced  population  of  higher  Landau  levels  similar  to  the 
transverse  case.  No  information  on  the  electric  field 
dependence  of  the  amplitudes  was  determined  for  this 
case  In  addition,  it  should  be  noted,  that  the  duration  of  the 
electric  field  pulses  was  a few  microseconds  in  both 
experiments!?.  7],  so  that  the  generation  of  acoustic  flux  - 
via  the  acoustoelectric  effect  may  have  affected  the 
results. 
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Some  of  the  inconsistency  of  these  findings  might  have 
been  caused  by  the  relatively  poor  resolution  of  the 
experimental  techniques  which  were  used  to  detect  the 
hot-electron  magnetophonon  structure.  The  use  of  mag- 
netic-field modulation  techniques  along  with  short  elec- 
trical pulse  sampling  techniques  has  recently  been 
demonstrated  to  increase  the  resolution  dramatically [91 
compared  to  conventional  methods  and  to  provide  data, 
which  are  of  the  same  quality  as  in  the  ohmic  case.  The 
purpose  of  this  paper  is  to  report  high  resolution 
measurements  of  the  hot-electron  magnetophonon  struc- 
ture in  both  the  transverse  and  longitudinal  configuration 
using  these  techniques  with  the  electric  field  pulses  short 
enough  to  prevent  either  generation  of  acoustoelectric 
effects  or  lattice  heating.  These  experimental  results  are 
compared  to  predictions  obtained  from  a simplified 
analytical  theory  and  to  calculations  based  on  a quantum 
kinetic  equation  approach!  101 

2.  EXPERIMENT  AL 

Samples  were  cut  from  a single  crystal  of  n-type  InSb 
having  a carrier  concentration  of  3xl0ucm  J and  a 
mobility  of  6.3  x I0!  cm!/Vsec  at  77  K.  They  were 
needle-like  with  their  long  axis  parallel  to  a <21 1)  direc- 
tion. They  were  polished  to  a thickness  of  about  60  fim 
and  subsequently  etched  in  a Br-methanol  solution.  Two 
current  contacts  were  soldered  to  the  ends  using  pure 
indium.  The  experimental  set  up  and  the  measurement 
technique  are  described  in  detail  in  Ref. [9].  The  resis- 
tance of  the  samples  at  77  K was  in  all  cases  greater  than 
?00n.  so  that  the  voltage  across  them  vas  mainly 
determined  by  the  current  through  a SOfl  parallel  resis- 
tor. Consequently,  the  voltage  remained  approximate!;' 
constant  even  in  the  transverse  configuration,  where  the 
sample  resistance  increases  strongly  with  magnetic  field. 
Since  in  the  actual  measurement  of  the  magnetophonon 
oscillations  no  potential  probes  were  used  to  determine 
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the  potential  drop,  the  electric-field  values  might  have 
been  erroneous  because  of  potential  drops  across  the 
contacts.  Therefore,  after  finishing  the  modulation 
measurements,  potential  probes  were  attached  to  the 
samples  and  it  was  verified  that  the  contact  resistance 
was  negligible  compared  to  the  sample  resistance  in  the 
range  of  electric  and  magnetic  fields  used  in  the  experi- 
ment. The  electric  field  pulses  had  a duration  of  75  nsec 
and  a repetition  rate  of  3 kHz.  To  prove  the  absence  of 
any  lattice  heating  effects,  traces  of  the  sample  current 
versus  magnetic  field  at  the  highest  electric  field  were 
taken  at  3 kHz,  300  Hz  and  30  Hz.  no  change  of  the 
magnetoresistance  as  a function  of  the  pulse  repetition 
frequency  could  be  detected. 

3.  RESULTS 

The  second  derivative  of  the  sample  current  with 
respect  to  the  magnetic  field  strength  B is  plotted  in  Fig. 
1 as  a function  of  B i J The  ohmic  trace  was  obtained 
with  a constant  d.c.  current  of  I mA  at  an  electric  field  of 
0.5  V/ cm.  The  other  traces  were  recorded  by  setting  the 
manual  sweep  control  of  the  sampling  oscilloscope  to  a 
time  position  of  about  40  nsec  after  the  application  of  the 
electric  field  pulse.  The  applied  electric  field  strength  is 
the  parameter  of  the  different  traces  and  had  values  of 
II.  21.  32  and  42  V/cm  respectively.  At  electric  fields 
exceeding  20  V/cm,  anomalous  structure  appeared  besides 
the  magnelophonon  structure.  For  clarity,  these  parts  of 
the  traces  were  replaced  by  dashed  curves.  The  origin  of 
this  structure  is  not  completely  clear  at  present,  but 
seems  to  be  related  to  contact  properties,  since  different 
samples  from  the  same  material  exhibited  this  structure  at 
different  values  of  electric  and  magnetic  field  strength  I he 
dashed  line  in  Fig.  1 marks  - he'd  of  8 kG  and  helps  to 
demonstrate  the  shift  of  the  N - 4 and  ,V  - 5 extrema  to 
higher  magnetic  fields  with  increasing  electric  field 

The  normalized  position  of  the  transverse  mag- 
netoresistance  extrema  defined  as  BlE)IR(0)  is  plotted 
as  a function  of  E"  in  Fig.  2.  For  all  extrema  the 
magnetic  field  is  shifted  initially  proportional  to  the  squ- 
are of  the  electric  field  and  then  tends  to  saturate  The 
slope  of  the  increase  is  bigge>:  for  the  high  harmonic 
number  extrema  Hoy, eve  neir  shift  satutates  at  the 


Fig  2 Normalized  exlremal  position  B(£l/Blfll  versa,  square  of 
the  applied  electric  fielu  for  differ e nt  harmonic  number  extrema 
and  fl  1 ] 


lowest  electric  Helds.  The  normalized  amplitude  defined 
as  the  quotient 

\HE)  /A/ (3  V/cm) 

/(E)/  7(3  V/cm) 

E = 3 V/cm  being  the  lowest  electric  field  where  pulsed 
measurements  could  be  performed,  is  plotted  in  Fig.  3 
versus  the  electric  field  for  the  extrema  with  N - .3.  4 
and  5. 

The  second  derivative  of  the  sample  current  with 
respect  to  the  magnetic  field  is  plotted  in  Ftg.  4 as  a 
function  of  B for  the  •ongiludma!  configuration  fl|7. 
The  lowest  trace  was  obtained  undei  ohmic  conditions, 
whereas  the  other  curves  were  measured  at  various 
applied  electric  fields  Two  important  features  can  be 
observed  in  these  traces:  0)  In  accordance  with  results  of 
Shirakawa  el  <i/.|5|,  additional  structure  appears  at  the 
right  and  left  wing  of  the  ordinary  extrema.  However.  In 
contrast  to  their  findings,  di)  the  ordinary  extrema  do  not 
disappear  but  are  shifted  to  lower  magnetic  fields  with 
increasing  £.  This  shift  is  shown  as  a function  of  £ in  Fig. 
5 After  an  initial  decrease  of  about  44f  the  normalized 
extrema  position  B(E)IBiO)  finally  saturate  at  about 
40  V/cm  fairly  independent  of  the  harmonic  number  of 
the  extremum  under  considetatioti 


Fig.  I Second  derivative  of  the  resistance  with  respect  to  the 
magnetic  field  fl  versus  B i /.  The  lowest  trace  is  obtained  under 
Ohmic  conditions,  parameter  of  the  other  t-aces  is  the  applied 
electric  field 


Fig  t Normalized  amplitude  as  a function  of  the  applied  electric 
field  for  R L ] 


Magnetophonon  oscillations  in  n-InSb  at  77  K 
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Fig.  4.  Second  derivative  of  the  resistance  with  respect  to  B vs 
B | J.  The  lowest  trace  is  obtained  under  Ohmic  conditions; 
parameter  of  the  other  traces  is  the  applied  electric  field  £. 
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4.  DISCUSSION 
4. 1 Transverse  configuration  B l J 
The  theoretical  possibility  of  peak  shifted  magneto- 
phonon  structure  was  first  emphasized  by  Barker  and 
Magnusson(lO)  in  numerical  calculations  based  on  solv- 
ing the  quantum  kinetic  equations  for  the  electron  den- 
sity matrix  in  the  crossed  field  representation(ll).  The 
calculations  have  been  recently  extended  [12]  to  include 
effects  of  non-parabolicity  and  inelastic  acoustic  phonon 
scattering.  Since  the  numerical  calculations  are  restricted 
to  five  Landau  sub-band  occupancy  and  single  LO 
phonon  processes  in  the  vicinity  of  the  first  two  mag- 
netophonon extrema,  only  a qualitative  comparison  with 
the  present  data  is  possible.  Nevertheless,  the  general 
experimental  features  appear  to  be  interpretable  via 
quantum  transport  theory.  There  are  essentially  four 
physical  processes  which  could  lead  to  electric  field 
induced  peak  shifts  and  we  discuss  these  separately. 

(a)  Repopulation  effects.  The  first  possibility  is  that 
carrier  heating  varies  the  effective  electron  temperature 
to  successively  populate  higher  Landau  levels  in  the 
non-parabolic  conduction  band.  Resonant  mag- 
netophonon transitions  of  the  type  L + S ->L(N  = har- 
monic number;  L-  0,  I,  2...)  will  then  become  in- 
creasingly contributory  to  the  resistivity,  and  since  the 
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Fig.  5.  Normalized  extremal  position  B(E)IB( 0)  versus  the  appl- 
ied electric  field  for  different  harmonic  number  extrema  and 
B ||  J 


The  normalized  amplitude,  defined  similarly  as  in  the 
transverse  case,  is  plotted  versus  the  electric  field  in  Fig. 
6 for  the  extrema  with  harmonic  number  N = 3,  4 and  5. 
The  curves  are  guides  for  the  eye  only  and  show,  that 
after  an  initial  increase  of  the  amplitude  by  a factor  of 
1.8,  the  amplitude  decreases  again,  eventually  exhibiting 
a second  extremum  at  about  40  V/cm  for  N = 3 and  4, 
but  saturates  for  the  N = 5 extremum 
In  order  to  investigate  a possible  influence  of  acousto- 
electric amplification  on  the  peak  shift  in  the  longi- 
tudinal configuration,  which  was  considered  by 
Peterson[l]  to  be  important  under  the  experimental 
conditions  used  by  Ferry  and  Curby(8],  measurements 
were  performed  on  a [110]  oriented  sample  in  the  lon- 
gitudinal configuration  as  a function  of  time  after  the  rise 
of  the  electric  field  pulse  at  an  electric  field  of  4b  V/cm. 
The  sampling  time  was  varied  between  20  nsec  and 
2ftsec.  The  result  is  shown  in  Fig.  7.  For  all  times  the 
extrema  are  shifted  by  the  same  amount  to  lower  mag- 
netic fields  with  respect  to  the  positions  under  ohmic 
conditions  (dashed  lines).  This  experimental  finding 
apparently  rules  out  the  acoustoelectric  effect  as  a pos- 
sible source  for  time  dependent  peak  shifts  in  the  lon- 
gitudinal magnetophonon  effect  in  the  samples  and  the 
range  of  fields  under  consideration. 
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Fig.  6 Normalized  amplitude  as  a function  of  the  applied  electric 
field  for  8 1|  J. 


Fig  7 Second  derivative  of  the  resistance  with  respect  to  fi  vs 
8 ||  7 for  an  electric  field  of  46  V/cm  applied  to  a (110)  oriented 
sample  Parameter  of  the  traces  ts  the  time  after  application  of 
the  electric  field  pulse 
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higher  level  sub-bands  involve  a decreasing  cyclotron 
frequency,  the  resonance  condition: 

Nfiwt  — fuo(l 


predicts  an  extremum  shift  to  higher  magnetic  fields 
Within  an  electron  temperature  model  110)  the  effective 
temperature  7".  is  approximately  quadratic  in  the  total 
field  £ which  is  not  inconsistent  with  the  data  of  Fig.  2. 

Now  the  conductivity  mobility  yxr  is  controlled  by  the 
dominant  montonic  part  of  the  response  and  is  found 
experimentally  to  decrease  with  increasing  magnetic 
fieid.  It  follows  that  carrier  heating  will  be  more 
significant  at  lower  magnetic  fields,  i.e.  high  harmonic 
number  N.  since  the  energy  input  rate  is  proportional  to 
HCL’  The  stronger  peak  shifts  at  high  harmonic  numbers 
are  therefore  not  unexpected 
On  the  other  hand  it  is  by  no  means  certain  that  an 
electron  temperature  argument  is  strictly  operable  since 
the  numerically  determined  distribution  functions  [10.  12. 
13)  are  markedly  non-Maxwellian. 

(b)  Electrically  distorted  band  structure.  So  far  we 
have  not  included  the  electrical  distortion  of  the  non- 
parabolic spectrum  (1 2.  14  j which  becomes  significant  for 
high  total  electric  fields  E (the  resultant  of  the  applied 
field  and  the  much  larger  Hail  field).  Within  a second 
orde>  perturbation  theory  of  the  Kane  two-band  model  it 
is  known  that  significant  sub-band  mixing  for  small  gap 
media  rest'its  in  a Stark  shifted  Landau  structure,  which 
lowers  the  higher  Iwmdau  levels  faster  than  the  lower 
ones:  the  result  is  an  sdditiona!  decrease  in  the  effective 
cyclotron  frequency  and  a consequent  extremum  shift  to 
higher  fields.  Thus  for  the  two  lowest  sub-bands  the 
electrical!,  distuned  energy  levels  arc  obtained  as (12): 


*.,(  E)  = e„(0)  )(e£l  )2/(e , - «0) 

*.<£)  = *.I0|  - i<e£l)!  j -f~  ' ~T  I 

1*2  *1  *1 


where  «N(0)  is  the  Landau-Kane  band  structure,  and 
1 : i'  tf  cyclotron  length  for  the  band-edge 

In  these  expressions  we  base  suppressed  a linear  shift 
teim  eEltyl2,  which  is  the  same  for  ali  levels.  As  befroe. 
the  resultant  peak  shifts  will  be  strongest  for  the  higher 
harmonic  numbers.  Evidently  . fo.  large  gap  media,  for 
which  ew(0)  - £*•(())  = fuoJN  - N'),  the  Stark  shift 
becomes  independent  of  N and  the  peak  shift  contribu- 
tion will  vanish. 

(c)  Ir.tra-collisional  field  effects.  The  third  possibility 
is  essentially  a feature  of  the  field  assisted  hopping-iike 
diffusive  conduction,  which  occurs  in  the  transverse 
configuration.  Here  the  current  J parallel  to  the  total 
electric  field  has  the  structure!  10  12]: 

/ = ie 2 " X')[/(A)KU.  A')  - fUW.  A )] 

A.  A 

where  for  a parabolic  band 

X IhkJeB  * 


/?( A.  A ) is  the  electric  field  dependent  scattering  rate 
between  crossed-field  states  A ( = .V  X.p.)  and  A',  whilst 
/(A)  is  the  diagonal  pan  ol  the  electron-density  matrix 
and  satisfies  the  rate  equation 

V (/(X’l/ffA’.A)  - fix  <P<x  g j)  = 0. 

Now.  within  a collision-broadening  second  Born  approx- 
imation the  rates  RtX.  A t involve  an  energy  conservation 
factor 


riA  a )/{{*,  e.  +AIA.A) 

T 

r hi a„  + rE(X  - A"))’  +■  r’(A.  A'l) 

for  a parabolic  strut-  ic.  where  TtA.A  i A(A.a')  are  the 
joint  level  damping  and  level  shifts  associated  with  mul- 
tiple scattering  For  weak  fields:  eE\X  4 T it  suffi-.es  to 
compute  J from  a linear  expansion  of  P1  A.  A t in  powers 
of  the  total  field  t i he  entire  field  dependence  is  then 
manifest  in  the  distrib.  ti-in  function  f tA  In  the  opposite 
extreme,  which  occurs  for  £,„„s5  Ycm  1 in  our 
samples,  such  an  expansion  te  no:  permissible  and  the 
electrically-induced  inelasticity  eE<X  - X')  bs  itself 
leads  to  a removal  of  the  Gurevich-Firsov  singularity, 
progressively  damping  the  magneiophonon  amplitudes, 
and  again  entails  a ncak  shift  tn  the  second  derivative 
extremum  positions  to  Heher  magnetic  fields.  It  is  useful 
to  recall  from  eatlier  studies  J ; 5-17|  that  for  stiong 
collision  damping  the  magnetonhonon  amplitudes  for 
ahrnic  conditions  are  modula’ed  by  an  exponential  factor 
expt  -yS  <.  where  V i-  the  harmonic  number  and  y is  the 
damping  parameter.  Second-derivative  extrema  are 
therefore  displaced  slight  v to  higher  magnetic  fields.  If 
we  heuri.siically  argue  that  y is  controlled  by  (he  zero 
magnetic  field  mobility  y?  !/u  tb).  and  note  that  p., 
decteases  w th  increasing  .-op'ied  ete.  -ic  fieid.  it  fc mows 
that  collision  daxpirg  will  shift  the  second  derivative 
extrema  further  for  higher  electric  fields  than  for  low 
fields.  However,  making  use  of  the  tabulated  peak  shifts 
as  a function  of  y given  by  Blakcmore  and 
Kennewe!l[!8).  we  deduce  from  a change  of  y(£)/y(0)  = 
1.25  for  £,prWj^42V/cm  an  extremum  shift  of  0.4'” 
compared  with  the  observed  ivr  shift  of  the  fit  = 3 
extremum.  On  the  other  hand,  for  £w„«.>5V/ciit,  the 
catering  contribution  to  y is  overwhelmed  by  the  intra- 
collisiona!  field  effect)  10)  and  much  bigger  shifts 
may  be  expected.  To  illustrate,  we  refet  to  a recent 
heuristic  calculation  due  to  Barker'12).  which  argues  for 
an  electrically  .nduced  modulation  factor: 
exp!-2tr|e£|loA'7(2,'’A«a.  I),  where  l„  = tfiJm'tOo)'12. 
which  replaces  the  factor  expf-yJV).  The  effective  dam- 
ping. y's 2tr|e£|ln/(2l'IA«)J,  is  evidently  strongest  for 
low  magnetic  fields  so  that  the  high  harmonic  number 
second-derivative  exttema  are  shifted  most 

(d)  Distortion  of  the  distribution  function  All 
theoretical  calculations  to  date  (It  12.  131  predict  severe 
distortion  of  the  carrier  distribution  f(X  i at  high  electric 
fields.  The  main  feature  at  high  fields  appears  to  be  a 
pronounced  hoi  carrier  pile-up  close  to  the  TO-phonon 
emission  threshold  followed  bv  a cold  high  cnergv 
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regime.  Such  a situation  could  lead  to  extremum  in- 
version, which  superficially  resembles  a peak  shift  effect. 
The  continuous  evolution  of  extrema  reported  here, 
however,  would  dictate  against  this  possibility. 

4.2  Longitudinal  configuration  B\\J 

The  conduction  process  is  relaxive  for  this  configura- 
tion and  the  much  weaker  peak  shifts  must  be  understood 
on  a physically  different  basis  from  the  diffusive  picture 
outlined  in  Section  4.1.  Here  our  data  is  reminiscent  of 
recent  calculations  due  to  Barker  [19]  for  n-GaAs  at 
120  K,  which  report  a slight  extremum  shift  to  lower 
magnetic  fields,  which  levels  out  at  about  50  V/cm  and  is 
ascribed  to  a barrier  effect  whereby  the  relative  popu- 
lation of  sub-bands  below  to  above  the  optical-phonon 
threshold  is  enhanced  at  high  electric  fields.  Con- 
sequently, resonant  contributions  from  higher  Landau 
sub-bands,  which  are  enhanced  in  the  warm-electron 
regime  £~0-*2V/cm,  are  suppressed  in  the  hot  elec- 
tron regime.  Thus,  for  the  hot-electron  regime  the  lower 
cyclotron  effective  masses  are  expected  to  be  more 
efficacious  in  non-parabolic  InSb,  and  a slight  saturating 
extremum  shift  to  lower  fields  is  not  unexpected. 
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OBSERVATION  OF  MACNETOPHONON  STRUCTURE  IN  DEGENERATE  n-InSb* 
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We  report  the  observation  of  magnet ophonon  structure  in  the  tr*nsvc-rst 
uugnetoresistance  of  degenerate  n-lnSb  at  77  K in  a sample  of 
concentration  7 . !>  x 1015  ccT^.  The  positions  of  the  res  .'  .-.ct 
maxima  appear  at  higher  magnetic  fields  than  these  fc*.  '*•'  i pure 
(*10*s  cm"^)  samples. 


THE  MACNETOPHONON  (MP)  effect  is  a 
powerful  tool  for  studying  the  band  structure 
and  transport  properties  of  many 
semiconductors  ***.  However,  most  of  the 
experiments  have  been  carried  out  at 
relatively  high  temperatures  on  non-degenerate 
samples  with  low  carrier  concentrations. 
Magnetophonon  structure  has  been  reported  for 
several  degenerate  semiconductor  samples: 
n-HgTe3-5,  n GaSb5,  n-PbTe6  and  p-PbTe7.  In 
this  paper  we  report  the  observation  of 
magne cophonon  structure  in  the  roagneto- 
resist&nc'  of  the  highest  concentration 
sample  of  n-InSb  yet  studied.  To  our 
knowledge  this  i the  firs',  time  where  the 
concentration  has  been  high  < nough  for  the 
sample  of  n-InSb  to  also  be  degenerate  at 
77  K. 

Studies  of  the  magnetic  field  positions 
of  the  MP  extrema  in  n-InSb  have  allowed  a 
determination  of  the  band-e<  v effective  mass 
and  its  dependence  on  temperature,  pressure 
and  electric  field*.  However,  up  to  the 
present  time,  no  concentration,  dependence  of 
the  MP  extremal  positions  in  n-InSb  has  been 
reported.  In  contrast  to  previous  studies, 
our  measurement  technique  and  high  quality 
samples  have  permitted  observation  of  an 
unambiguous  concentration  dependent  shift  to 
higher  magnetic  fields  for  the  extremal 
positions  in  the  transverse  MP  effect. 

The  single  crystal  n-lnSb  samples 
studied  had  concentrations  of  9 x 10*'  enf** 
and  7.5  x 10***  cm“3,  with  mobilities  of 
6,1  x 10-  cra^/Vsec  and  1.6  x 10^  cm^/Vsec, 
respectively.  A constant  current  was  passed 
through  the  InSb  samples  which  were  kept  at 
77  K in  a glass  Dewar  system.  Conventional 
ac  magnetic  field-t.o  'ulatior.  and  phase- 
sensi t ive-detection  techniques®  were  utilized 
where  the  resistance  voltage  from  two 
potential  probes  on  the  sample  was  detected 
at  the  second  harmonic  of  the  modulation 
frequency.  The  electric  field  applied  to  the 
samples  wa ; kept  in  the  ohmic  range  to  avoid 
electric-f ield-induced  shifts  of  the 
extrema^ . 
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Fig.  1 - Reproduction  of  x-y  recorder  traces 

of  oscillatory  magne tore si  star .e  data 
taken  on  two  different  concent t at ion 
samples  of  n-lnSb  at  77  '<  using 
field-modulation  and  phase-sensitive 
detection  techniques,  rhe  detector 
response  was  obtained  while 
detecting  at  the  second  harmonic  of 
the  modulation  frequency  and  thus 
corresponds  to  i second-der ivat ive 
like  behavior. 

Figure  1 shows  the  recorded  MP 

structure  for  tl 

pure  InSb  (9  x 10*  cm”’)  and  in  a much 

higher  concentration  ( . x !'  'c.nf^)  sample 

of  InSb.  The  observe.!  positions  'f  the  MP 
maxima  in  the  pure  sample  agree  quite  well 
with  those  reported  by  St rad ling  and  Wood*  '. 

The  MP  structure  f r the  N • 3,  •*.  and  5 
maxima  are  clearly  shown  in  Fit.  1 for  the 
high  concentration  sample.  Tl.  sample  is 
weakly  degenerate  at  77  K according  to  the 
calculation  presented  in  Fig.  1 of  a paper 
by  Kahlert  and  Bauer ^ * where  the  Fermi 
energy  of  n-InSb  is  plotted  a*  a function  of 
temperature  with  the  electron  concentration 
as  a parameter.  The  reduced  Fermi  energy 
e«/kgT  of  this  sample  is  +0.5  at  77  K, 
vnich  means  that  the  Fermi  energy  is  above 
the  bottom  of  the  conduction  band . 

Not  only  does  Fig.  1 show  the  first 
observed  shift  in  the  MP  extremal  position 
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of  n-InSb  with  electron  concentration,  but 
it  also  shows  for  the  first  time  that  MP 
structure  can  be  observed  in  degenerate 
samples  of  n-InSb. 

In  principle,  two  different  effects  may 
contribute  to  the  shift  of  the  extrema  in  the 
transverse  magnetoresistance  to  higher 
magnetic  fields  with  increasing  doping  of  the 
samples:  (i)  changes  of  the  mobility  and  the 
related  damping  factor  y because  of  an 
increasing  importance  of  ionized  impurity 
scattering,  (ii)  changes  of  the  Fermi  energy 
and  a related  change  of  the  population  of 
higher  Landau  levels.  The  importance  of  the 
damping  for  the  actual  extremal  positions 
observed  in  a magnetophonon  experiment  was 
already  pointed  out  by  Stradling  and  Wood^. 

Theoretical  work  describing  the  magnetic 
field  dependence  of  the  magnetophonon 
structure  has  not  been  carried  out  in  detail 
for  InSb,  but  often  an  empirical  relation  of 
the  following  form  has  been  used  to  describe 
the  structure  in  the  resistivity  10 

A p aexp(-yB  /B)  cos(2ttB  /B) 

osc  o o ^ 

where  y is  a constant  depending  upon  the 
sample  mobility  and  temperature  and  BQ  is  a 
parameter  characterizing  the  semiconductor 
and  is  defined  by 

B * m uj  /e  (2) 

o o 

In  Eq.  (2),  m*  is  the  carrier  effective  mass, 
io0  is  the  longitudinal  optical  phonon 
frequency  and  e is  the  magnitude  of  the 
electronic  charge. 

The  presence  of  the  exponential  damping 
factor  shifts  the  extrema  obtained  by  second 


derivative  techniques  to  higher  magnetic 
fields  compared  to  the  extrema  of  just  the 
simple  cosine  term,  which  occur  at  the 
magnetic  fields  where  the  resonance  condition 
for  transitions  ending  at  the  L-th  Landau 
level  Gl+n  “ gl  ' ^'o  *s  sat*s*ied  for 
N * 1,  2,  3,  ...  For  the  pure  sample  a value 
y ■ 0.72  could  be  deduced  from  the 
undifferentiated  traces.  From  the  difference 
of  the  mobility  of  the  samples  under 
consideration,  it  is  reasonable  to  expect  a 
value  of  y of  about  2.5  for  the  high 
concentration  sample,  assuming  that  it  is 
inversely  proportional  to  the  Rail  mobility 
of  the  sample.  For  the  N * 4 extremum  we 
estimate  a damping-induced  shift  of  3.62  to 
higher  magnetic  fields  by  using  tabulated 
values  of  the  damping- induced  shift  given  by 
Blakemore  and  Kennewell  . This  shift  has  to 
be  compared  to  the  actual  observed  shift  of 
62  for  the  N ■ 4 extremum. 

The  second  reason  for  the  shift  of  the 
extrema  to  higher  magnetic  fields  is  a 
consequence  of  the  nonparabolicity  of  the 
InSb-conduction  band,  where  the  energy  of  the 
Landau  levels  does  not  increase  linearly  with 
magnetic  field.  Consequently,  transitions  are 
expected  to  occur  at  higher  magnetic  fields, 
which  involve  a lower  Landau  level  with 
quantum  number  L>0.  An  increasing  contribution 
of  these  transitions  and  therefore  a shift  of 
the  extrema  to  higher  magnetic  fields  is 
expected  for  an  increasing  population  of 
these  levels  when  the  sample  is  highly  doped. 
More  detailed  theoretical  work  is  needed  in 
this  area  before  a firm  understanding  of  the 
doping- induced  shift  can  be  obtained. 
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Magnetophonon-Oszillationen  wurden  im  transversalen  Magnet owider stand 
von  entartet  dotiertem  n-InSb  bei  77  K in  einer  Probe  mit  7.5  x 10* 
Elektronen/cm“3  beobachtet.  Die  Magnetfelder , bei  denen 

die  fuer  reine 

Proben  (n< 


Wider8tands-maxima  auftreten,  sind  hoeher  als  jene, 
n<  1014  cm”^)  gef unden  werden. 


THE  MAGNETOPHONON  EFFECT  IN  A NONPARABOLIC  BAND:  n-TYPE  InSb 
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ABSTRACT 

Measurements  of  the  transverse  Ohmic  magnetophonon  effect 
have  been  performed  at  77  K in  a set  of  samples  of  n - InSb 

J 1 

having  carrier  concentrations  in  the  range  from  n = 5 x 10 
_ 3 26—3 

cm  to  n = 7 x 10  cm  . With  increasing  doping,  the  minima 
in  the  second  derivative  of  the  resistance  with  respect  to  the 
magnetic  field  are  shifted  to  higher  magnetic  fields.  Even  in 
the  purest  samples  the  values  of  the  resonant  magnetic  fields 
for  harmonic  numbers  up  to  N = 12  can  only  be  explained  if  the 
contributions  of  spin-conserving  transitions  involving  both 
L = 0 spin  levels  and  spin-split  Landau  levels  with  L > 0 are 
taken  into  account.  These  transitions  occur  at  magnetic  fields 
which  are  higher  than  the  fields  for  the  L = 0 lower  spin  level 
transition  because  of  the  nonparabolicity  of  the  InSb-conduction 
band.  A superposition  of  Lorentzian  lines  with  an  empirically 
determined  halfwidth  &(N)  proportional  to  the  harmonic  number  N 
and  weighted  with  the  value  of  the  Fermi  distribution  function 
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at  the  energy  of  the  lower  level  is  shown  to  give  a good  fit 

★ 

to  the  data  yielding  a band-edge  effective  mass  of  mQ  = 0.0138  mo> 
In  higher  doped  samples,  the  shift  of  the  extrema  to  higher 
magnetic  fields  is  partially  caused  by  the  larger  value  of  the 
damping  parameter  ^ because  of  the  lower  mobility.  After  apply- 
ing an  appropriate  correction  to  the  extremal  positions  of  the 
high  concentration  samples,  a shift  remains,  which  qualita- 
tively can  be  explained  by  the  increasing  contribution  of  higher 
order  transitions  because  of  the  higher  population  of  these 
levels.  Finally,  the  shifts  in  extremal  position  as  a conse- 
quence of  an  increased  electron  temperature,  e.g.,  induced  by 
application  of  electric  fields  or  photoexcitation,  are  dis- 
cussed within  the  framework  of  this  model. 


INTRODUCTION 


I . 

Since  its  theoretical  prediction  by  Gurevich  and  Fir sov/ 

2 

the  magnetophonon  (MP)  effect  has  frequently  been  investi- 
gated in  n-InSb  in  the  transverse  and  longitudinal  configu- 
3-7 

ration.  Whereas  m this  early  work  the  nonparabolicity 

of  the  conduction  band  of  n-InSb  has  been  neglected,  it  was 

8 9 

clearly  pointed  out  by  Straalinq  and  Wood  ' in  the  discussion 
of  their  extensive  measurements  of  the  MP  effect  in  various 
III-V  semiconductors  using  improved  experimental  techniques, 
that  particularly  in  the  interpretation  of  the  extremal  posi- 
tions of  magnetophonon  oscillations  in  n-InSb  the  nonparabo- 
licity of  the  conduction  band  plays  an  important  role.  How- 

g 

ever,  in  their  evaluation  of  the  band-edge  effective  mass' 
only  extrema  with  harmonic  number  up  to  N = 6 were  included. 

The  application  of  the  magnetic-field  modulation  and  phase 
sensitive-detection  technique  has  significantly  improved  the 
resolution  of  the  oscillatory  structure  in  the  magnetoresi- 
stance and  has  allowed  the  detection  of  extrema  up  to  N = 12 
in  the  MP  effect  in  n - InSb.^  ^ 

The  MP  effect  is  generally  accepted  to  be  distinguishable 
from  the  Shubnikov-de  Haas  effect  by  the  fact  that  it  does 
not  depend  on  the  carrier  concentration  and  no  such  dependence 

has  been  reported  so  far.  This  can  be  understood  by  examining 

* * 

the  resonance  condition  No  = o with  u = cD/m  , where  m is 

co  c 

the  effective  mass  and  . is  an  optical  phonon  frequency , 
since  no  quantity  depends  on  the  carrier  concentration  However, 
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Landau  level  energy  increases  linearly  with  magnetic  field. 

In  a nonparabolic  band,  the  energies  of  the  spin-split.  Landau 

levels  do  not  increase  linearly  with  magnetic  field.  As  a 

result,  the  optical  phonon  energy  fits  between  a pair  of 

Landau  levels  characterized  by  quantum  numbers  L and  L + N 

8 

at  higher  magnetic  fields  for  higher  values  of  L.  The 
observed  resistance  maxima  in  the  transverse  conf iguration 
are  therefore  superpositions  of  all  the  lines  produced  by 
these  transitions,  which  have  to  be  weighted  by  the  occupation 
factor  of  the  lower  level.  If  the  population  of  higher  levels 
is  enhanced  with  increasing  carrier  concentration  or  mean 
carrier  energy,  we  expect  an  increasing  contribution  of  trans- 
itions between  higher  levels  and  consequently  a shift  of  the 

extrema  to  higher  magnetic  fields.  Such  shifts  have  in  fact 

14 

been  observed  by  Curby  and  Ferry  in  the  transverse  MP  effect 

in  n-InSb  at  77  K as  a result  of  the  application  of  pulsed 

electric  fields  up  to  50  V/cm  and  the  associated  carrier 

heating.  A quantitative  study  using  an  improved  experimental 

setup"'"5  was  recently  reported  by  Kahlert  et  al."'"6 

It  is  the  purpose  of  this  paper  to  describe  a systematic 

study  of  the  resistance  extrema  in  the  transverse  MP  effect 

measured  in  a set  of  eight  different  samples  of  n-InSb  having 

carrier  concentrations  in  the  range  between  5 x lO^cm  5 to 
16  — 3 

7 x 10  cm  at  77  K.  In  Sec.  II  the  experimental  technique 
is  outlined  and  the  sample  properties  are  listed.  The  results 
of  the  measurements,  namely  an  increasing  shift  of  the  resis- 
tance extrema  to  higher  magnetic  fields  with  increasing  doping 
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of  the  samples,  are  described  in  Sec.  III.  For  a few  samples, 
values  of  the  damping  parameter  y are  derived  from  the  undif- 
ferentiated  magnetoresistance  versus  magnetic  field.  In  Sec. IV 
the  shifts  of  the  experimentally  observed  extremal  positions 
away  from  the  actual  resonant  magnetic  fields  are  corrected, 
which  arise  from  damping-dependent  exponential  prefactor  to 
the  oscillatory  term  in  the  magnetores istance . Calculated 
extremal  positions  are  found  by  superimposing  resonance  lines 
centered  at  the  resonant  magnetic  fields,  which  depend  not 
only  on  the  harmonic  number  N,  but  also  on  the  quantum  number 
L of  the  lower  level.  These  lines  are  weighted  with  the  Fermi 
occupation  factor  of  the  lower  level  and  added  to  form  a com- 
posite line,  the  extremum  of  which  is  computed  numerically. 

A superposition  of  cosine  functions  cannot  explain  all  extremal 
fields  in  the  range  from  N = 2 to  N = 12  for  the  pure  samples. 
Using  Lorentzian  lines  with  an  empirically  determined  half- 
width  proportional  to  the  harmonic  number  N,  a good  fit  is 
obtained  yielding  a value  of  the  band-edge  effective  mass 

•k 

m = (0 . 0138±0 . 000051m  . The  shift  of  the  corrected  experi- 

o o 

mental  positions  of  the  higher  doped  samples  to  higher  magnetic 
fields  is  compared  to  calculations  for  various  Fermi  energies. 
Fair  agreement  between  the  observed  and  the  calculated  shifts 
is  obtained.  Finally,  shifts  are  calculated  as  consequence  of 
an  increasing  electron  temperature.  The  conclusions  concer- 


ning the  interpretation  of  MP  effect  measurement  in  semicon- 
ductors having  a nonparabolic  band  are  drawn  in  Sec.  V. 


I 

I 

I 

I 

I 
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II.  SAMPLE  PROPERTIES  AND  EXPERIMENTAL  TECHNIQUE 

Unoriented  samples  were  cut  from  eight  different  single 
crystals  of  n-InSb  using  a spark-cutting  machine.  They  were 
polished  with  0.3ym  Al^O^  polishing  powder  and  subsequently 
etched  in  CP4A  twice  for  three  seconds.  Two  end  contacts, 
two  potential  probes,  and  two  Hall  contacts  were  provided  by 
soldering  25um  gold  wires  with  pure  Indium  solder.  The 
samples  were  mounted  in  a holder  equipped  with  six  coaxial 
cables  and  suspended  in  a glass  dewar  between  the  pole  faces 
of  a 21 kG  electromagnet  with  the  sample  axis  perpendicular  to 
the  magnetic  field.  Care  was  taken  not  to  surround  the  sample 
with  any  conductive  material  to  avoid  the  shielding  of  the 
magnetic  modulation  field  by  eddy  currents.  Prior  to  the  MP 
effect  measurements,  the  transverse  magnetoresistance  and  the 
Hall  effect  were  recorded  by  impressing  a constant  current 
and  measuring  the  potential  probe  voltage  and  the  Hall  voltage 
in  magnetic  fields  up  to  20  kG  for  both  directions  of  the  cur- 
rent and  both  directions  of  the  magnetic  field.  The  carrier 
concentration  n = l/(eR„),  where  R__  is  the  Hall  coefficient, 
the  Hall  mobility  u„,  and  the  value  of  the  damping  coefficient 
Y to  be  discussed  in  Sec.  IV  are  listed  in  Table  I. 

The  experimental  equipment  to  produce  an  ac  modulated 
magnetic  field  and  to  extract  the  second  derivative  of  the 
magnetoresistance  with  respect  to  the  magnetic  field  is  des- 
cribed in  detail  in  References  15  and  17.  In  order  to  in- 
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very  small,  a modulation  field  of  400  G peak-to-peak  was 
used.  However,  with  the  high  mobility  samples  like  SI  and 
S2,  where  the  oscillations  were  observable  with  as  small 
modulation  fields  as  50  G peak-to-peak,  the  extremal  positions 
did  not  depend  on  the  amplitudes  of  the  modulation  field. 

The  dc  magnetic  field  was  swept  at  a rate  of  500  G/min.  A 
trivial  shift  of  the  recorded  traces  was  caused  by  the  fact 
that  the  time  constant  of  the  lock-in  amplifier  had  to  be 
set  to  10  sec  for  a sufficient  noise  suppression.  This  shift 
was  carefully  eliminated  by  sweeping  the  magnetic  field  up 
and  down  and  taking  the  average  value  of  the  magnetic  fields, 
where  extrema  occurred  in  the  upsweep  and  in  the  downsweep, 
as  the  true  position  of  each  extremum.  The  validity  of  this 
procedure  was  checked  by  taking  traces  on  a high  mobility 
sample  with  a 100  msec  integration  time,  where  at  a magnetic- 
field  sweep  rate  of  250  G/min  no  differences  between  the  up- 
sweep and  downsweep  positions  were  observable.  The  so  determined 
positions  coincided  with  the  positions  obtained  from  an  aver- 
aging of  the  traces  taken  with  a 10  sec  integration  time.  The 
magnetic  field  was  calibrated  using  NMJR  techniques. 


III.  EXPERIMENTAL  RESULTS 

The  output  signal  of  the  lock-in  amplifier  set  at  2f  , 

where  f is  the  ac  magnetic  field  modulation  frequency  of 

43  Hz,  is  plotted  versus  the  magnetic  field  strength  in  Fig.  1. 

This  signal  corresponds  to  the  second  derivative  of  the 

resistance  R with  respect  to  the  magnetic  field.  It  shows 

minima  at  the  resonant  positions,  since  the  transverse  MP 

effect  exhibits  maxima  of  R whenever  , -r  = 'hcu  , where 

L+N  L o 

is  the  energy  of  the  Landau  level  characterized  by  the 
quantum  number  L,  N is  the  harmonic  number,  and  tiwo  is  the  L0- 
phonon  energy.  By  a proper  setting  of  the  phase  of  the  lock- 
in  amplifier  the  background  magnetoresistance  could  be  com- 
pletely eliminated  in  most  cases.  Therefore,  the  actual 
extremal  positions  could  be  determined  with  high  precision. 

The  estimated  error  in  the  determination  of  the  extremal 
magnetic  fields  is  about  i 10  G for  the  purest  samples  SI 
and  S2,  increasing  to  about  ± 30  G for  the  highly  doped 
sample  S6.  In  sample  S7  only  weak  structure  corresponding 
to  the  N = 3 and  N = 4 peaks  was  observed.  No  attempt  was 
made  to  determine  the  position  because  of  the  comparably 
strong  background  magnetoresistance.  No  structure  resembling 
MP  oscillations  could  be  found  in  the  second  derivative  of 
the  magnetoresistance  of  sample  S8  within  the  given  experi- 
mental resolution. 

The  dashed  line  in  Fig.  1 marks  a magnetic  field  of  8 kG. 
The  higher  the  doping  of  the  sample  under  consideration,  the 
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more  shift  of  the  N = 4 extremum  away  from  this  line  to  higher 
magnetic  fields  is  observed.  Similar  shifts  were  found  for 
all  other  extrema.  In  addition,  the  traces  show  a more  sinu- 
soidal type  of  oscillation  only  for  the  impure  samples.  The 
peaks  for  the  samples  SI,  S2,  and  S3,  particularly  those  witn 
N < 6,  exhibit  an  appreciable  amount  of  sharpening. 

In  considerations  concerning  possible  explanations  for 
the  observed  shift  of  the  extrema  to  higher  magnetic  fields, 
the  damping  parameter  y plays  an  important  role.  This  para- 
meter shows  up  in  an  empirical  formula  for  the  amplitudes  of 
the  MP  oscillations  as  a function  of  the  magnetic  field, 
which  in  many  cases  can  be  described  by  a term  of  the  form 

exp(-yBo/B)  times  an  oscillatory  term,  where  B^  is  obtained 

* 8 

from  the  relation  e3  / m = w . Unfortunately,  it  is  not 

o o J 

possible  to  determine  y from  the  second  derivative  traces 
in  Fig.  1.  They  are  distorted  because  of  the  peculiarities 
of  the  magnetic  field  modulation  technique-  because  of  changes 
of  rhe  phase  for  optimum  detection  during  the  field  sweep, 
while  the  phase  setting  of  the  lock-in  amplifier  is  kept  con- 
stant, etc.  However,  for  three  samples,  S2,  S3,  and  S4 , the 
oscillations  in  the  undifferentiated  raw  magnetoresistance 
data  with  N = 2,  N = 3,  and  N = 4 were  sufficiently  prominent 
to  allow  a determination  of  y.  These  experimental  values  of 
y are  plotted  versus  the  Hall  mobility  of  the  respective 
samples  in  Fig.  2. 


IV.  ANALYSIS  AND  DISCUSSION 

A.  Corrections  of  the  Extremal  Positions  Depending  on  the 
Damping  Parameter  y 

0 

It  was  already  pointed  out  by  Stradling  and  Wood  that 

the  experimentally  observed  MP  extrema  are  shifted  away  from 

the  fields  where  the  resonance  condition  is  satisfied,  since 

the  oscillations  are  modulated  by  an  exponential  term  of  the 

1 8 

form  exp(-YBQ/B).  Later  theoretical  work  by  Barker  has 
related  the  damping  factor  to  various  scattering  processes 
and  has  shown  how  the  amplitude  and  lineshape  may  be  expected 
to  vary  as  a function  of  temperature  and  impurity  content. 

In  an  extensive  numerical  study,  Blakemore  and  Kennewell"^ 
have  calculated  the  shifts  introduced  by  such  an  exponential 
prefactor,  with  both  the  harmonic  number  N and  the  value  of 
Y as  parameters.  Particularly,  they  have  found  a linear  de- 
pendence of  the  shift  of  the  minima  in  the  second  derivative 
of  the  transverse  magnetoresistance  as  a function  of  y for  a 
fixed  value  of  N,  thus  allowing  easy  interpolation  between 
their  tabulated  correction  factors. 

As  discussed  in  Sec.  Ill,  a determination  of  Y was  pos- 
sible only  for  the  samples  S2,  S3,  and  S4.  In  order  to  enable 
a correction  of  the  positions  in  those  samples,  for  which  y 
could  not  be  determined  directly,  a curve  was  fitted  through 
the  data  points  in  Fig.  2.  An  optimal  least  squares  fit  was 

obtained  with  a relation  of  the  form  y = a + b/p,  which  is  a 

reasonable  result,  since  one  expects  the  damping  to  decrease 

with  increasing  mobility.  Inserting  the  coefficients  a = 0.117 

5 -2 

and  b = 3.48  x 10  Vsec  cm  the  curve  in  Fig.  2 was  obtained 
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and  used  to  determine  y-  values  for  the  samples  S5  and  S6  , 
for  which  the  undifferentiated  traces  were  unsatisfactory. 
Obviously,  there  is  an  appreciable  amount  of  uncertainty 
connected  with  this  procedure.  However,  a convincing  check 
for  the  validity  of  this  correction  was  obtained  from  the 
following  observation:  By  inspecting  Fig.  1,  one  finds  that 


the  shift  of  the  extremal  positions  is  substantially  different 

for  the  samples  S4  and  S5,  although  they  have  almost  the  same 

15  15  -3 

carrier  concentration  of  1.5  x 10  and  2 x 10  cm  , respect- 
ively. Consequently,  they  have  almost  equal  values  of  the 
Fermi  energy  and  therefore  almost  equal  contributions  of 
higher  order  transitions  to  the  resistance  maximum.  However, 
sample  S5  has  a substantially  lower  mobility,  probably  due 
to  a higher  impurity  scatterinq  contribution  because  of  a 
higher  degree  of  compensation . Deriving  the  appropriate  • - 
value  corresponding  to  its  mobility  from  the  curve  in  Fig.  2 
and  applying  the  correction  to  the  extrema  according  to  Ref.  19 
one  arrives  at  corrected  positions  for*  the  extrema  of  these 
two  samples,  which  are  very  close  to  each  other  (see  the 
values  of  these  two  samples  with  = -9  meV  and  -7.5  meV, 

C 

respectively,  in  Fig.  7 and  Fig.  8).  All  experimental  data, 
which  in  the  subsequent  paragraphs  will  be  compared  to  calcu- 
lated extremal  positions,  have  been  corrected  according  to 
this  procedure  using  the  correction  factors  tabulated  in  Ref.  19. 


B.  Calculated  Extremal  Positions  as  a Superposition  of  Cosine 
Functions 

The  corrected  experimental  magnetic  field  positions  of  MF 
extrema  for  sample  S2,  multiplied  by  their  respective  harmonic 
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number  N,  are  plotted  versus  N in  Fig.  3.  The  lines  connect 
calculated  NB  products,  where  B is  obtained  from  the  general 
resonance  condition 


eL+N,s 


(1) 


The  energy  e of  a Landau  level  with  quantum  numbers  L and 
L , S 


s is  given  by 


8 


eT  _ = (e  /2){[1  + 4 (L+*5+sg  m /2m  )1W  /e  ] 35  - 1}  (2) 

■Li  / o y u u o eg 


where  is  the  energy  gap,  gQ  is  the  electron  g factor  at  the 

* 

bottom  of  the  band,  and  mQ  is  the  band  edge  effective  mass. 

The  full  curves  are  for  the  lower  spin  levels  with  s = h,  and 

the  dashed  curves  are  for  the  upper  spin  levels  with  s = -*5. 

Only  spin -conserving  transitions  were  considered.  The  num- 

20 

erical  constants  were  g = -51.3,  e = 0.225  eV  at  77  K, 

^o  g 

20  * 

hco  24.0  meV  and  m = 0.0138  m . Evidently,  the  observed 
o o o 

NB-values  cannot  be  explained  by  transitions  involving  only 

one  particular  pair  of  Landau  levels,  for  example,  by  trans- 
itions starting  (phonon  absorption)  or  ending  (phonon  emissior) 
on  the  L = 0,  s = h level.  The  fit  cannot  be  improved  by  a 

better  choice  for  m or  liw  , since  the  curves  are  merely 

00 

shifted  to  higher  or  lower  NB  products  without  the  curvatv ce 
being  significantly  altered.  If  one  neglects  the  NB-val  i<2  for 
N = 2,  one  even  finds  that  the  NB-values  for  N i 3 are  all 
equal  within  the  experimental  accuracy.  Consequently,  a plot 
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of  1/B  versus  N gives  a straight  line  through  the  origin, 

which  leads  to  the  wrong  conclusion  that  the  effective  mass 

can  be  evaluated  from  the  parabolic  formula  Noj  = co  . The 

co 

•k 

value  of  the  effective  mass  m = 0.0157  m so  deduced  is 

o 

appreciably  different  from  the  band-edge  effective  mass  ob- 
tained by  other  techniques  and  leaves  the  position  of  the 
N = 2 and  N = 1 extrema  unexplained. 

A method  to  determine  the  band  edge  effective  mass  by 
taking  into  account  higher  order  transitions  was  proposed  by 

3 

Stradling  and  Wood.  They  tried  to  explain  the  corrected 
experimental  positions  by  a superposition  of  cosine  functions 
centered  at  the  appropriate  resonant  magnetic  field  for  each 
of  the  contributing  transitions,  which  were  weighted  by  a 
Boltzmann  factor  to  account  for  the  population  of  each  level. 

We  repeated  this  procedure  by  adding  contributions  from  eight 
levels  (L  = 0,...3,  s = k,-k)  to  obtain  a resulting  line  of 
the  form 

3 -k  2ttNB 

An(B)  = l l cos  ( o "S~"  ' f[f^  S(B)!  ' 

L=0  s=k  ' 

where  B is  a solution  of  Eg.  (1)  for  the  appropriate  value 

ij  / 

of  L,  s, and  N, and  € is  the  Fermi  distribution  function  giving 
the  population  of  the  energy  level  e . The  values  of  B for 
which  A^fB)  has  a maximum  were  multiplied  by  N and  plotted 

versus  N in  Fig.  4 for  different  values  oc  the  band-edge  ef- 

* 

fective  mass.  With  m = 0.0138  m a reasonable  fit  to  the  ex- 

o o 

perimental  data  for  N 2 8 can  be  obtained  (full  curve),  whereas 
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great  discrepancies  occur  for  N < 6.  Reducing  mQ  to  a value 
of  0.0136  mQ  yields  a reasonable  fit  (dashed  line)  to  the 

g 

data  for  Ni6  similar  to  that  obtained  by  Stradling  and  Wood, 
but  fails  to  explain  the  higher  harmonic  number  extrema. 


C.  Calculated  Extremal  Positions  as  a Superposition  of 
Lorentzian  Lines 

The  reason  for  the  failure  to  explain  the  observed  positions 

by  a superposition  of  cosine  functions  is  found  by  inspecting 

the  actual  shape  of  the  extrema  in  Fig.  1.  Not  all  extrema 

exhibit  a cosine-dependence  on  1/B,  but  some  are  more  sharpened, 

particular  for  the  pure  samples  and  for  extrema  with  N£  6. 

This  effect  is  clearly  demonstrated,  if  one  plots  the  second 

21 

derivative  of  the  resistance  with  respect  to  B versus  1/B. 

In  order  to  account  better  for  the  observed  line  shape,  the 
extrema  were  described  by  a superposition  of  Lorentzian  lines 
centered  at  the  resonant  positions  and  weighted  with  the  Fermi 
occupation  factor  f in  the  form 


VB) 


3 -J* 

l l 

L=0  s=»5 


1 + 


B 


-) 


L,s,N 


, A (N) -2 
' 2 ' 


r1  f [e_  (B)  ] , 

Li  t 5 


where  A(N)  is  the  full  width  of  the  line  at  half  amplitude. 
For  each  harmonic  number  N the  value  of  A(N)  was  determined 
in  such  a way  that  the  line  calculated  according  to  Eq.  (4) 
had  the  same  linewidth  as  the  experimentally  observed  line 


(4) 
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for  sample  S2.  It  was  assumed  that  A(N)  depends  on  N only 
and  is  independent  of  the  value  of  L and  s for  a given  N. 

The  halfwidth  so  determinaed  is  plotted  in  Fig.  5 versus  N. 
Obviously  A (N)  increases  linearly  with  N and  can  be  written 
as  A (N)  = kN  with  k - 1.93x10  ^ . The  values  of  B for  which 

V B)  has  a maximum  were  multiplied  by  N and  plotted  versus 
N in  Fig.  6 for  different  values  of  the  band-edge  effective 
mass,  together  with  the  corrected  experimental  data  for  sample 

k 

S2.  The  best  fit  was  obtained  using  a value  of  m = {0.0138  ± 

o 

0 . 0 0005)mr  , which  is  very  close  to  the  mass  determined  from 

intraband  magnetooptical  effects  at  lower  temperatures  by 

20 

Johnson  and  Dickey.  Extending  the  summation  in  Eq.  (4) 
up  to  L = 7,  which  means  the  inclusion  of  contributions  of 
eight,  more  possible  transitions,  did  not  significantly  change 
the  calculated  curves.  A comparison  of  the  calculated  and 
experimental  line-shape  is  difficult,  since  the  experimental 
lines  are  distorted  both  by  the  measuring  technique  and  by 
the  fact  that  they  are  multiplied  by  a magnetic-field  dependent 
exponential,  as  discussed  in  the  first  paragraph  of  this  section. 

D.  Concentration  Dependence  of  the  Extremal  Positions 

In  order  to  determine  the  concentration  dependence  pre- 
dicted by  ve  two  models  discussed  above,  the  magnetic  field  B 

for  which  the  functions  A and  A.,  have  a maximum,  is  calcu- 

N N 

lated  as  a function  of  the  Fermi  energy  f p for  several  values 
of  N . The  extremal  magnetic  field  obtained  for  a particular 
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Fermi  energy  divided  by  the  field  calculated  for  a large 

negative  Fermi  energy  of  -30  meV  is  plotted  versus  the  Fermi 

energy  in  Fig.  7 for  the  N = 3 extremum  and  in  Fig.  8 for 

the  N = 6 extremum.  The  full  lines  are  calculated  from  Eq. 

(3)  and  the  dashed  lines  are  obtained  from  Eq.  (4) . The  data 

points  were  found  by  dividing  the  corrected  extremal  magnetic 

fields  for  a particular  sample  by  the  corresponding  corrected 

field  Bp  for  the  pure  sample  S2 . Use  was  made  of  the  relation 

between  the  carrier  concentration  and  the  Fermi  energy  for 

22 

the  conduction  band  of  InSb  given  by  Kahlert  and  Bauer. 

Good  agreement  between  the  experimental  and  the  calculated 
shifts  was  obtained  for  the  N = 3 extremum  as  evidenced  in 
Fig.  7.  For  the  N = 6 extremum  the  agreement  was  less  satis- 
factory. This  might  be  caused  by  the  fact  that  no  attempt 
was  made  to  make  the  halfwidth  dependent  on  the  amount  of 
doping.  This  assumption  of  a doping-independent  halfwidth 
is  not  too  well  justified,  since  the  halfwidth  of  the  lines 
at  a given  N apparently  does  increase  with  increasing  doping 
(see  Fig.  1) . Part  of  this  linewidth  increase  is  certainly 
caused  by  the  stronger  contribution  of  higher  order  transitions. 
A quantitative  description,  however,  calls  for  a more  refined 
model  than  that  used  for  the  description  of  the  extrema  in  the 
pure  sample  S2 . 

E.  Electron  Temperature  Dependence  of  the  Extremal  Positions 


A 


An  obvious  consequence  of  an  increase  of  the  electron  temp- 
erature, which  is  a parameter  of  the  Fermi  occupation  factors  in 


of  higher  order  transitions  and  a resulting  shift  of  the  ex- 
trema to  higher  magnetic  fields.  The  calculated  shift  of 
the  extrema  in  a pure  sample  (e  = -30  meV)  as  a function  of 

r 

the  electron  temperature  for  the  harmonic  numbers  N - 3 and  6 

is  shown  in  Fig.  9.  Such  shifts  of  transverse  MP  effect 

extrema  in  n-InSb  at  77  K have  in  fact  been  observed  as  a 

consequence  of  the  application  of  pulsed  electric  f ields . 1 4 ' L ' 

An  increase  of  the  mean  carrier  energy  is  also  expected  to 

result  from  an  illumination  of  an  n-InSb  sample  with  CCU  laser 
23 

radiation.  However,  because  of  the  predominance  of  polar 
optical  scattering  at  77  K in  n-InSb,  an  electron  temperature 
model  is  certainly  inappropriate.  It  has  to  be  replaced  by 
a calculation  of  the  distribution  function  which  takes  into 
account  the  Landau-level  structure  of  the  conduction  band. 
Therefore,  the  result  of  Fig.  9 cannot  immediately  be  compared 
to  observations  in  an  actual  electron-heating  experiment , 
but  merely  demonstrates  one  of  the  basic  physical  processes 
which  are  to  be  expected."^ 


V.  CONCLUSIONS 


The  transverse  MP  effect  in  a nonparabolic  band  is  con- 
siderably more  complex  than  in  the  simple  parabolic  case. 

The  observed  resonant  magnetic  fields  can  only  be  understood 
by  a superposition  of  lines,  which  are  centered  at  different 
magnetic  fields  because  of  the  nonlinear  dependence  of  the 
Landau-level  energy  on  B,  and  which  are  weighted  with  the 
Fermi  occupation  factor.  As  a consequence,  shifts  of  the 
extremal  positions  occur,  whenever  parameters  of  the  distri- 
bution function,  like  the  Fermi  energy  or  the  electron  temp- 
erature, are  changed.  As  a further  consequence,  the  inter- 
pretation of  the  shift  of  the  extrema  as  a function  of  lattice 
temperature  becomes  exceedingly  complicated.  Not  only  have 
the  changes  of  the  energy  gap  and  the  related  changes  of  the 
band-edge  effective  mass  to  be  considered  as  well  as  changes 
of  the  LO-phonon  energy,  but  also  an  increase  of  the  contri- 
butions of  higher  order  transitions  to  the  position  and  shape 
of  the  lines  with  increasing  temperature.  These  implications 
do  not  only  concern  the  MP  effect  in  n-InSb,  but  in  all  small- 
gap  semiconductors  having  nonparabolic  bands.  In  particular, 
shifts  of  the  extremal  positions  of  the  longitudinal  and 
transverse  MP  effect  in  Hgn  0Cd_,  _Te  with  lattice  temperature 
have  been  interpreted  as  resulting  from  the  change  of  the 

band  gap  and  the  band-edge  effective  mass  only,  without  giving 

24  25 

proper  consideration  to  the  above  described  effects.  ' The 
temperature  coefficient  of  the  band  gap  derived  to  explain 
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the  data  was  found  to  be  a factor  of  two  higher  than  obtained 

2 6 

from  independent  determinations.  A calculation  of  the 

temperature  dependent  shifts  including  the  higher  order  trans- 

. 2 4 

itions,  which  were  neglected  in  this  interpretation,  might 

well  remove  this  discrepancy. 
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TABLE  I.  Sample  Properties 


51 

52 

53 

54 

55 


n (cm  3) 
13 

5.0  x 10 

9.0  x 1013 

6.7  x 1014 
15 

1.5  x 10X 

15 

2.0  x 10  3 

15 

7.5  x 10x 

3.0  x 1016 
7.3  x 1016 


^(lO5  cm2/(Vsec)) 

6.29 

6.11 

4.22 

2.92 

2.13 

1.64 

1.03 

0.87 


0.72 

0.88 

1.33 


FIGURE  CAPTIONS 


Fig.  1:  Second  derivative  of  the  resistance  with  respect 
to  the  magnetic  field  B versus  B for  the  samples 
listed  in  Table  I. 

Fig.  2:  Damping  parameter  y versus  Hall  mobility  at  B = 0. 

The  curve  is  a least  squares  fit  through  the  data. 
Fig.  3:  Experimental  NB  values  for  sample  S2  versus  har- 
monic number  N.  The  curves  connect  points  cal- 
culated from  Eq.  (1)  and  (2)  for  L = 0,...3. 

The  full  lines  are  obtained  for  s = the  dashed 

lines  for  s = -H • 

Fig.  4.  Experimental  NB  values  for  sample  S2  versus  N.  The 

curves  are  calculated  from  Eq.  (3)  with  different 

★ ★ 

values  of  m /m  . Double-dash  dotted:  m /m  =0.0139; 
o o o o 

★ * 
full:  m /m  = 0.0138;  dash-dotted:  m /m  = 0.0137; 
o o o o 

* 

dashed:  m /m  = 0.0136. 
o o 

Fig.  5:  Halfwidth  of  the  resonance  lines  for  sample  S2  as 
a function  of  the  harmonic  number  N.  The  straight 
line  is  a least  squares  fit  through  the  data. 

Fig.  6:  Experimental  NB  values  for  sample  S2  (dots)  as  a 

function  of  the  harmonic  number  N.  The  curves  are 

calculated  from  Eq.  (4)  with  different  values  of 

★ * ★ 
m /m  ; dash-dotted:  m /m  = 0.139;  full:  m /m  = 
o o o o o o 

* 

0.0138,  dashed:  mQ/mo  = 0.0137.  The  square  repre- 
sents a corrected  data  point  taken  from  Ref.  8. 
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Fig.  7:  Dependence  of  the  normalized  position  of  the  N = 3 

extremum  on  the  Fermi  energy  Ep.  is  the  extremal 

position  found  for  a pure  sample.  Full  curve: 

Cosine  functions,  dash-dotted  curve:  Lorentzian 
lines. 

Fig.  8:  Dependence  of  the  normalized  position  for  the  N = 6 
extremum  on  the  Fermi  energy  Ep.  is  the  extremal 

position  found  for  a pure  sample.  Full  curve:  Cosine 
functions;  dash-dotted  curve:  Lorentzian  lines. 

Fig.  9:  Calculated  dependence  of  the  normalized  position  of 

the  N = 3 (full  curve)  and  the  N = 6 extremum  (dashed 


curve)  versus  electron  temperature  Tg  for  a sample 
with  Ep  = -30  meV  according  to  Eq.  (4) . 
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C02  LASER-INDUCED  HOT  ELECTRON  EFFECTS 
IN  n-InSbt 


B.  T.  Moore.  D.  G.  Seiler  and  H KahlertJ 
Department  of  Physics.  North  Texas  State  University,  Denton.  TX  76203.  U S A. 

Abstract— The  influence  of  a 3-psec  wide  COj  laser  pulse  on  the  Shubnikov-de  Haas  (SdH)  effect  in  a 
l.4x  I0”cmo  sample  of  n-(nSb  has  been  investigated  at  a lattice  temperature  of  1.8  K.  During  the  time  the  sample 
is  illuminated  the  SdH  amplitudes  are  found  to  decrease  with  increasing  laser  power  For  a peak  incident  power  of 
about  I watt,  the  SdH  oscillatory  behavior  corresponds  to  that  measured  at  a lattice  temperature  of  4.6  K for  the 
uon-illuminated  sample.  These  results  form  the  first  direct  and  quantitative  evidence  for  electron  heating  induced 
by  CO;  laser  radiation  and  permit  the  evaluation  of  a phenomenological  energy  relaxation  time. 


1.  INTRODUCTION 

Hot  electrons  in  InSb  created  by  d.c.  electric  fields  have 
been  extensively  studied  by  a variety  of  experiments,  both 
for  nondegenerate  and  degenerate  statistics.  However, 
for  the  case  of  optical  heating,  much  less  information  is 
available.  In  pure  (<  10'4 cm’’)  samples  of  InSb  illu- 
minated by  long  wavelength  radiation,  free  carrier 
absorption  is  known  to  cause  an  increase  in  the  mean 
energy  of  the  electron  gas  as  observed  by  changes  in 
conductivity  resulting  from  a mobility  variation  (1, 2). 
Determination  of  electron  temperatures  from  photocon- 
ductivity data  depends  upon  the  assumptions  made  con- 
cerning the  dominant  scattering  mechanisms.  In  addition, 
this  technique  is  not  as  sensitive  in  degenerate  samples 
of  InSb  since  the  mobility  is  not  strongly  dependent  upon 
temperature. 

In  this  paper,  we  present  the  first  direct  measurements 
of  C02-laser  induced  hot  electron  temperatures  in 
degenerate  n-type  InSb.  These  measurements  involve 
determining  the  amplitude  of  the  Shubnikov-de  Haas 
(SdH)  oscillations  which  are  strongly  dependent  upon  the 
temperature  of  the  conduction  electrons.  In  addition,  a 
phenomenological  value  for  the  energy  relaxation  time  is 
estimated  from  simple  considerations  of  energy  balance. 

2.  THEORY 

(a)  Free  carrier  absorption  and  electron  heating 

For  sufficiently  low  intesities  where  two  photon  pro- 
cesses can  be  neglected,  the  absorption  of  CO;  laser 
radiation  at  wavelengths  between  9 and  ll/im  (hv  = 
0.1 17  eV)  in  n-InSb  will  take  place  through  interaction 
with  free  electrons  in  the  conduction  band.  Electrons 
excited  to  high  energies  by  absorption  of  a photon  may 
undergo  energy  relaxation  through  two  competing  pro- 
cesses: electron-electron  scattering  and  polar-optical 
phonon  emission.  This  phonon  emission  transfers  the 
absorbed  energy  of  the  photoexcited  electrons  to  the 
lattice.  Electron-electron  scattering,  on  the  other  hand. 


tWork  supported  in  part  by  the  Office  of  Naval  Research. 

(On  leave  from  Ludwig  Boltzmann  Institut  fuer  Festkoerper- 
physik  and  Institut  fuer  Angewandte  Physik.  Universilaet  Wien. 
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distributes  the  absorbed  photon  energy  within  the  elec- 
tron gas.  If  this  process  is  sufficiently  fast,  i.e.  if  the 
concentration  is  high  enough,  a non-equilibrium  carrier 
distribution  will  be  established,  which  is  characterized  by 
an  electron  temperature.  Tr  It  should  be  noted  that  the 
polar-optical  phonons  emitted  by  the  photoexcited  elec- 
trons decay  to  acoustic  phonons  through  a three  phonon 
interaction  and  thus  have  a long  lifetime  [3).  Some  of 
these  optical  phonons  may  therefore  be  reabsorbed  by 
(he  electron  gas  providing  an  additional  source  of  heating 
besides  the  electron-electron  thermalization  process. 

The  ultimate  transfer  of  the  absorbed  photon  energy  to 
the  environment  surrounding  the  sample  takes  place 
through  acoustic  phonons,  either  emitted  directly  by  the 
gas  or  created  (in  pans)  by  the  decay  of  optical  phonons. 
But  since  the  rate  of  emission  of  acoustic  phonons  is 
slow  compared  to  that  for  emission  of  optical  phonons, 
this  will  not  become  a significant  energy  loss  mechanism 
until  the  electron  gas  has  cooled  below  the  point  where 
optical  phonon  emission  can  take  place. 

Hearn[4, 5)  has  made  calculations  for  InSb  at  liquid 
helium  temperatures  which  indicate  that,  for  concen- 
trations above  a critical  value  of  nc  = 10*  to  10"  cm"3, 
electron-electron  scattering  should  dominate.  High  mag- 
netic field  calculations  [6, 7]  raise  the  estimated  concen- 
tration at  which  T,  is  valid  to  nr  ~ 10l4cm“\  However, 
the  assumption  used  in  these  papers  that  the  Landau 
levels  above  the  bottom  N = 0 level  will  not  be  popu- 
lated is  not  valid  under  the  conditions  of  this  experiment. 
We  assume  for  the  electron  concentrations  of  interest 
here  (n  = 1.4  x 10"  cm"),  that  the  energy  distribution  of 
the  electron  gas  with  laser  heating  will  be  characterized 
by  a temperature,  T„  which  is  greater  than  the  lattice 
temperature.  TL.  This  distribution  will  then  be  cooled  by 
a combination  of  optical  and  acoustic  phonons.  The 
effects  caused  by  emission  of  optical  phonons  prior  to 
thermalization  of  the  photoexcited  electrons  present 
additional  complications. 

(b)  Shubnikov-de  Haas  effect  under  carrier  heating 
conditions 

Isaacson  and  Bridges  (8)  first  used  the  SdH  effect  in 
InSb  to  obtain  hot  electron  temperatures  with  applied 


* 


I 


247 

107 


B T Mount  el  ul. 


electric  fields.  Further  electric  field  induced  hot  carrier 
studies  were  made  using  the  SdH  effect  by  Bauer  and 
Kahlert[9-ll].  In  this  paper,  we  show  that  the  SdH  effect 
can  also  be  used  to  study  laser-induced  hot  electrons. 
The  SdH  oscillations  in  the  longitudinal  magnetoresis- 
tance of  a degenerate  semi-conductor  can  be  observed 
undei  the  following  conditions  1 1 2]: 

ui'T  > \.  htot  > kKT„  tF>  fuo,.,  (I) 

where  <uc  = eBim*c.  is  the  cyclotron  resonance 
frequency  and  T is  the  collision  time.  Assuming  that  the 
Dingle  temperature  and  the  spin-splitting  factor  remain 
constant  as  the  electron  temperature  changes,  the  ratio 
of  SdH  amplitudes  at  two  temperatures  is  given  by 

A,  _ X,/sinh(A|) 

A2~  X2I  sinh(X2)  ' ' 

where 

X,  = 2n2kaT,lfiw.  (3) 

The  use  of  eqn  (2)  to  extract  the  temperature  of  the  hot 
electron  gas  is  presented  in  Section  4 of  this  paper 

(cl  Relaxation  time 

The  calculation  of  a phenomenological  relaxation  time 
is  based  upon  the  balance  of  energy  gain  and  loss  pro- 
cesses for  the  electron  gas  in  the  illuminated  sample 
volume  The  energy  gain  is  due  to  the  absorption  of  laser 
photons  and  subsequent  therrnalization  of  photoexcited 
electrons  while  the  loss  is  due  to  energy  transfer  from 
the  electron  gas  to  the  lattice  The  energy  balance  equa- 
tion for  a single  electron  has  the  form 

<it_  t(T,)-f(Tt) 

dr  r ^ (4' 

where  P.b,  is  the  absorbed  power  per  electron  in  the 
illuminated  sample  volume  and  r is  the  energy  relaxation 
time  The  temperature  dependence  of  the  mean  energy  of 
an  electron  in  a degenerate  semiconductor  is  taken  to  be 

(13) 

(5) 

r,i2  (>7> 

and  where 


is  the  reduced  Fermi  energy. 

If  a steady-slate  condition  can  be  established  under 
laser  illumination  so  that 


then  r may  be  calculated  from  the  equation 


t(T.)-e{TL) 


The  assumption  was  made  earlier  that  therrnalization 
of  the  photoexcited  electron  occurs  through  electron- 
electron  scattering  before  significant  optica!  phonon 
emission  from  the  photoexcited  carriers  takes  place 
However,  when  phonon  emission  lakes  place  prior  to 
therrnalization,  e g.  to  satisfy  momentum  conservation 
during  photon  absorption,  a more  detailed  theoretical 
treatment  would  be  required. 

3.  EXPERIMENT AL  WORK 

The  samples  used  were  cut  from  a bulk  sample  of 
n-type  InSb  having  a concentration  of  I.4xl0,scm  ’ 
and  a Hall  mobility  of  12  x 105  cm’/V  sec  at  1.5  K The 
optical  surfaces  were  ground  with  Al203  polish  with  a 
gnt  size  of  0.3  rani  ( ~ A / 30) . The  absorption  coefficient  at 
10.6 ram  is  taken  to  be  0 032  cm'1  which  is  an 
extrapolated  value  taken  from  Patel f 1 4],  who  measured 
0.3  cm  1 for  a sample  1.3  x 10'*’ cm  ’.  The  final  sample 
dimensions  were  6 5 mm  x 1 8 mm  X0.07  mm  thick.  Two 
current  contacts  and  two  potential  contacts  were  made 
with  25  p.m  diameter  gold  wire  using  indium  solder. 

Figure  I shows  a schematic  diagram  of  the  equipment 
as  used  in  this  experiment.  The  sample  was  illuminated 
with  a pulse  produced  by  mechanically  chopping  a beam 
(TEMootnode)  from  a cw  C02  laser  The  pulse  width 
used  in  this  experiment  was  ~T|isec  (F.W.H.M.)  with  a 
rise  time  of  -2  nsec.  The  repetition  rale  was  2000  Hz. 
The  pulse  was  focussed  to  a diameter  of  1 .8  mm  at  the 
sample  and  positioned  to  illuminate  the  region  of  the 
sample  between  the  potential  contacts.  The  CO,  laser  is 
grating  tuned  and  produces  single  line  outputs  of  several 
watts  over  most  of  the  9 rim  lo  J I #*m  wavelength  range. 
The  experiment  reported  here  was  carried  out  at  A = 
10.3 rim  with  powers  up  to  10 watts  available.  A He-Ne 
laser  used  in  conjunction  with  a silicon  PIN  photodiode 
produced  a trigger  pulse  for  the  pulse  generating  and 
delaying  electronics 

The  magnetoresistance  of  the  sample  was  then 
measured  using  a short  (5  nsec)  electrical  probe  pulse 
generated  by  a fast  rise  time  (<!  nsec)  Tektronix  pulse 
generator.  The  electrical  pulse  kept  small  to  avoid  heat- 
ing bv  the  electric  field,  was  svneronized  to  coincide  w ith 
the  peak  of  the  laser  pulse.  The  difference  voltage  be- 
tween the  two  po'ential  probes  was  measured  with  a 
Tektronix  7904/7S 1 4 sampling  oscilloscope 

Previous  pulsed  d.c.  SdH  measurements 1 15)  reported 
by  the  authors  were  made  hy  directlv  recording  the 
output  of  the  -.ampling  oscilloscope  vs  magnetic  field 
However,  significant  improvements  in  signal-to-noise 
ratio  have  been  obtained  through  the  use  of  magnetic 
field  modulation  in  combination  with  the  fast  sampling 
methods  This  combined  techmqui  was  first  developed 
by  Kahlert  and  Seiler)  16.  PI  for  observing  ho!  electron 
magnetophonon  structure  in  n-InSb  at  ” k When  used 
to  observe  the  SdH  effect,  this  technique  produces  a 
detector  response  which  is  proportional  to  the  first 
derivative  of  the  magnetoresistance  oscillations,  but  it 
does  not  affect  the  ratio  of  amplitudes  as  given  in  equa- 
tion (2).  In  this  method,  the  output  of  the  sampling 
oscilloscope  is  fed  in'o  a lock-in  amplifier,  the  output  of 
which  is  then  recorded 


4.  RESULTS  AND  ANALYSIS 

Figure  2 shows  SdH  oscillations  for  lattice  temperatures, 
Tl,  between  1.8  and  9.6  K.  The  oscillations  recorded  for 
various  incident  laser  powers  are  shown  in  Fig.  3 for 
Tl  = 1.8  K.  Qualitatively,  it  can  be  seen  that  the  oscil- 
lations are  damped  by  increasing  laser  power  in  a manner 
analogous  to  the  damping  caused  by  elevated  lattice 
temperatures.  These  data  show  directly  that  the  mean 
energy  of  the  electron  gas  increases  with  laser  illumination. 

The  SdH  amplitude  ratios  as  a function  of  lattice 
temperature  (without  laser  illumination)  are  plotted  on 
the  left-hand  side  of  Fig.  4 and  exhibit  the  characteristic 
dependence  given  by  eqn  (2).  The  variation  of  the 
amplitude  ratio  with  incident  laser  power  is  plotted  on 
the  right-hand  side  of  Fig.  4.  The  reference  amplitude  A0 
for  both  graphs  was  taken  at  1.8  K with  no  laser  illu- 
mination. 

The  electron  temperature  corresponding  to  each  laser 
power  is  determined  by  comparison  of  the  amplitude 
ratio  shown  in  both  halves  of  Fig.  4.  For  example,  the 
dotted  lines  show  that,  for  a 0.98  W peak  incident  laser 


Fig.  3.  SdH  oscillations  for  various  incident  laser  powers  at  a 
constant  lattice  temperature  of  1.8  K.  Power  levels  listed  are 
peak  incident  power  at  the  sample 


, flIQ 


Fig.  2.  SdH  oscillatory  magnetoresistance  for  several  lattice 
temperatures  taken  while  detecting  at  the  first  harmonic  of  the 
modulation  frequency  (no  laser  illumination). 


Fig.  4 SdH  amplitude  ratios  versus  lattice  temp  (left)  and  versus 
incident  laser  power  (right) 

power,  an  amplitude  ratio  of  0.22  was  obtained.  From  the 
temperature  dependence  it  is  seen  that  an  amplitude  of 
0.22  corresponds  to  a temperature  of  4.6  K.  Thus,  a 
phenomenological  electron  gas  temperature  of  4.6  K is 
obtained  for  an  incident  laser  power  of  0.98  watts  at  a 
lattice  temperature  of  1.8  K.  The  electron  temperatures 


obtained  in  this  manner  for  the  various  laser  powers  are 
plotted  in  Fig.  5.  A distinct  non-linear  behavior  is  obser- 
ved which  cannot  be  accounted  for  by  experimental 
uncertainties 

In  order  to  determine  that  lattice  heating  did  not 
contribute  to  the  effects  discussed,  a very  broad 
(~30/isec)  laser  pulse  was  used  to  study  the  time 
dependence  of  the  SdH  amplitude.  A lower  pulse  repeti- 
tion rate  of  166  Hz  was  used,  but  the  average  power 
input  to  the  sample  was  -50%  higher.  The  temperature 
of  the  electron  gas  was  measured  at  different  time  posi- 
tions during  the  pulse,  and  the  results  are  shown  in  Fig. 
6 This  figure  indicates  that  within  the  experimental 
uncertainties  lattice  heating  makes  an  insignificant  con- 
tribution to  the  temperature  of  the  electron  gas  during 
laser  illumination  for  these  times 

Results  of  calculations  of  energy  relaxation  times 
based  upon  eqn  (7)  yield  a value  of  about  25  nsec  for 
electron  temperatures  between  3.2  and  5.2  K. 
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F-g.  5.  Electron  temperature  T,  versus  laser  power. 
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Fig.  6.  Time  dependence  of  the  electron  temperature  T,  in 
coniunctto.i  with  the  corresponding  laser  pulse  of  long  duration 
that  was  used  to  check  for  lattice  heating  effects  No  lattice 
heating  effects  are  observed  on  these  time  scales 


5 CONCLUSIONS 

The  Shubnikov-de  Haas  effect  has  been  shown  to  be  a 
valuable  tool  for  investigating  laser  induced  hot  electrons 
Qualitative  comparison  of  the  SdH  oscillations  as  record- 
ed under  illuminated  and  non-illuminated  circumstances 
show  that  the  mean  energy  of  the  electron  gas  is  in- 
creased by  absorption  of  the  laser  radiation.  In  addition, 
these  comparisons  show  that  the  SdH  amplitude  damping 
caused  by  laser  heating  is  very  similar  to  the  damping 
which  occurs  at  elevated  lattice  temperatures  This 
similarity  tends  to  support  the  electron  temperature 
model.  Quantitative  comparison  of  these  amplitude  ratios 
has  provided  a means  of  determining  the  temperature  of 
the  laser  heated  electron  gas 

On  the  basis  of  the  electron  temperatures  derived  from 
these  measurements,  a phenomenological  energy  relax- 
ation time  has  been  determined  Further  exper  ments  are 
planned  which  should  provide  additional  insight  into  the 
physical  nature  of  this  relaxation  process. 
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New  Hybrid  Photoconductivity  Technique  for  the  Investigation 
of  COj-Laser-Induced  Hot-Carrier  and  Free-Carrier 
Absorption  Effects  in  Degenerate  n-InSb  at  1.8  K 

D.  G.  Seiler,  J.  R.  Barker, u)  and  B.  T.  Moore 
Department  of  Physics.  North  Texas  State  University,  Denton,  Texas  76203 
(Received  12  April  1978) 

Free-carrier  absorption  of  tuned  COt- laser  radiation  is  shown  to  be  a valuable  new  • 

tool  for  the  extraction  of  information  on  photoheated  hot  carriers  and  the  free-carrier 
absorption  coefficients  in  low-concentration,  degenerate  n-InSb  at  liquid  helium  temper- 
atures. The  technique  exploits  parallel  photoheating  and  de-heating  experiments  con- 
ducted in  a regime  where  conductivity  changes  are  unambiguously  determined  by  mobil- 
ity changes. 

Illumination  of  semiconductors  with  intense  !a-  carrier  absorption  co  nicient  of  low-concentra- 
ser  radiation  leads  to  carrier  heating.1’2  Studies  tion  (1.4*10‘r'  cm'2)  >i-InSb. 
of  hot-carrier  distributions  are  important  be-  Figure  1 shows  a block  diagram  of  the  equip- 

cause  they  yield  information  concerning  the  elec-  ment  used  in  this  experiment.  The  sample,  im- 
tron-electron  and  electron-phonon  interactions  mersed  in  liquid  helium  in  a variable-tempera- 

in  semiconductors.  Here,  we  report  for  the  first  ture  optical  Dewar,  was  illuminated  with  a laser 
time  free-carrier  absorption-induced  photocon-  pulse  produced  by  mechanically  chopping  a beam 
ductivity  measurements  on  degenerate  «-InSb  un-  (TEM^  mode)  from  a grating-tuned  cw  C02  laser 
der  optical  excitation  at  C02-laser  wavelengths  which  provided  single-line  outputs  of  several 

that  allow  extraction  of  electron  temperatures.  watts  from  '9.2  to  “10.9  pm.  In  the  present  ex- 

Furthermore,  we  present  the  results  of  a unique  periments,  a laser  pulse  w’ith  a width  of  '20 

combination  of  independent  electrical  and  laser  psec  [FWHM  (full  width  at  half-maximum)],  a 

experiments  carried  out  at  liquid  helium  tempera-  rise  and  fall  time  of  '2  psec,  and  a repetition 
tures  on  the  same  low-concentration  sample  of  rate  of  ~1700  Hz  were  employed.  The  laser 

M-InSb,  that  allows,  in  princ  pie,  the  precision  pulse  was  positioned  to  illuminate  the  region  of 

extraction  of  the  free-carrier  absorption  coeffi-  the  sample  between  the  potential  contacts.  Cali- 
cient  as  a function  of  C02  laser  frequency  and  brated  filters  of  either  CaF,  sheets  or  sheets  of 

laser  power.  These  absorption  coefficients  are  Teflon  or  some  combination  of  both  were  used  for 

so  small  at  10  pm  that  their  determination  from  attenuation. 

classical  optical  absorption  measurements  alone  Figure  2 shows  comprehensive  results  obtained 

would  prove  impractical.  Consequently,  these  from  three  separate  experiments  on  how  the  mo- 

novel  hybrid  experiments  and  their  interpretation  bility  changes  with  (1)  applied  electrical  power 

result  in  the  first  reported  estimates  for  the  free-  PE  per  electron  (obtained  from  electrical  heating 
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FIG.  1.  Block  diagram  of  experimental  apparatus. 


experiments  as  e 11E2 ) as  shown  in  Fig.  2(a); 

(2)  lattice  temperature  T L as  shown  in  Fig.  2(b); 
and  (3)  peak  incident  laser  power  P,  as  shown  in 
Fig.  2(c).  The  electron  concentration  was  deter- 
mined to  be  1.4  >10'  cm'3  from  the  period  of 
Shubnikov-de  Haas  (SdH)  oscillations  and  is  con- 
stant at  these  lattice  temperatures  and  low  laser 
powers  where  two-photon  absorption  processes 


are  complete! , negligible.  Consequently, 

A a /a  = Ap / p - AF/V0 . 

where  An  = u - c0,  A^  - p - un,  and  AT  = V - Fn 
are  the  changes  in  the  conductivity,  mobility, 
and  voltage  di'op  across  the  sample  leads,  as 
either  TL,  P t , or  P£  is  varied  while  the  other 
two  variables  are  held  constant.  The  values  of 
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a,,,  p„,  and  V,  are  determined  at  zero  laser  p.w- 
er  U'j-  O'  under  Ohmic  conditions  at  a lattice 
temperature  of  1.8  K. 

As  shown  in  Fit;.  2(h),  the  mobility  at  P , -0  ob- 
tained using  Ohmm  electric  fields  increases  with 
lattice  temperature  which  is  consistent  with  com- 
pletely dominant  io..  d-impurity  momentum  re- 
laxation. We  find  o„  - 19.3  (ft  cm)**,  p„~8.G 
> 10'  cnr/V • sec,  in  agreement  with  other  experi- 
mentally determined  mobilities  with  similar  elec- 
tron concentrations  and  lattice  temperatures. 1,1 
At  77  K,  o,  and  p0  rise  to  75  (ft  cm)'1  and  3.2 
^10  cnr  V*sec,  respectivley. 

The  C02-laser  radiation  is  partially  absorbed 
via  free-carrier  absorption  processes  and  sub- 
sequently leads  to  a mobility  increase  as  ob- 
served in  Fig.  2(c)  where  Ap/p  is  plotted  versus 
P ,,  the  peak  incident  laser  power  at  a constant 
lattice  temperature  of  1.8  K.  An  electron  tem- 
perature Te°  can  be  determined  for  each  wave- 
length and  value  of  P , by  making  a one-to-one 
correspondence  between  the  mobility  changes  in 
the  two  cases  shown  in  Figs.  2(b)  and  2(c).  For 
example,  Fig.  2(c)  shows  that  for  a peak  incident 
power  of  about  1.16  W,  Ap/p=0.10,  which  corre- 
sponds to  a temperature  Te°~ 6 K. 

The  lines  shown  in  Fig.  2 are  the  “best  fit” 
lines  through  the  data  points.  Consequently,  a 
plot  of  Te°  versus  P,  can  be  made  as  shown  in 
Fig.  3.  Provided  the  steady  state  is  controlled 
by  intercarrier  collisions,  the  carrier  distribu- 
tion will  be  a heated  Fermi-Dirac  distribution 
with  a true  electron  temperature  Te  which  may 
be  identified  with  Te°  if  the  carrier  heating  main- 
tains the  system  within  the  regime  dominated  by 
ionized-impurity-limited  mobilities.  The  steady- 
state  remnant  excitation  pulse  at  c*toftF  will 
have  negligible  effect  on  the  mobility  at  our  low 
excitation  rates:  The  low-energy  carrier  assem- 
bly is  only  minutely  depleted  by  photoexcitation. 

The  procedure  may  be  repeated  at  zero  laser 
power  (P,  = 0)  with  7^  = 1.8  K but  instead  using  a 
pulsed  dc  electric  field  of  20-psec  duration  to 
heat  the  carriers  into  the  warm -electron  regime. 
These  pulsed-current  techniques  were  used  to 
avoid  sample  lattice  heating  at  high  electric 
fields.  Figure  2(a)  shows  the  resultant  mobility 
change  versus  applied  electrical  power  PE  for 
the  same  sample.  The  extracted  effective  elec- 
tron temperatures  Tte(PE)  may  be  again  identi- 
fied with  the  true  electron  temperature  Te  under 
appropriate  conditions.  In  such  a case,  we  may 
invert  the  functional  relations  7e°  = Tea(P, ) and 
T,E  = TeE(PF)  to  deduce  the  thermodynamic  rela- 


FIG.  3.  Electron  temperature  Te  vs  peak  incident 
laser  power  for  various  CO  ,- laser  wavelengths. 


tionship  P E- P a(P ,)  under  the  constraint  7e°  = TeB 
= Te , where  Pa  is  the  portion  of  absorbed  optical 
power  per  electron  transferred  to  the  carrier  as- 
sembly via  intercarrier  collisions  prior  to  dissi- 
pation to  the  lattice.  The  extreme  case  ( Model  I) 
occurs  when  the  intercarrier  energy-loss  rate 
ree  (scattering-out  term)  exceeds  all  other  ener- 
gy-loss rates  reph  due  to  photon  scattering  at  all 
energies  up  to  and  exceeding  the  photoexcitation 
energies  (~  eF+  4Je  BTe+  fiw).  In  this  instance  P a 
= a(\)dPi,  where  «(A)  is  the  steady-state  free- 
carrier  absorption  coefficient,  d is  the  sample 
thickness,  and  P i is  the  incident  laser  power  per 
illuminated  electron.  It  follows  that  a( A,  Te ) may 
be  extracted  exactly  as  the  ratio 


T,)  = 


Pi(Te,  A) 


1_ 

a” 


(2) 


where  we  make  explicit  the  wavelength  (A)  and 
electron  temperature  ( Te ) dependences. 

Our  estimates  of  the  critical  carrier  concentra- 
tion nc  for  which  the  condition  that  Tee»re  ^ en- 
sures a valid  electron  temperature  model  are 
based  on  similar  calculations  due  to  Stratton*’  but 
for  relaxation  against  a degenerate  distribution 
in  the  presence  of  Thomas-Fermi  screening. 
While  the  present  sample  concentration  satisfies 
u»nc  for  energies  t .=>  tF  + hw L,  where  eF  is  the 
Fermi  energy  and  huL  the  LO  phonon  energy,  we 
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FIG.  4.  Effective  free-carrier  absorption  coefficient, 
Ogff , vs  wavelength  of  the  CCS  laser  at  various  elec- 
tron temperatures  Te. 


find  n<nc  for  higher  energies  where  energy  loss 
to  the  lattice  is  controlled  by  fast  polar-mode  op- 
tical-phonon emission  processes.  In  these  cir- 
cumstances (Model  I!)  we  might  anticipate  that  a 
substantial  fraction  /3  of  the  optically  absorbed 
power  per  electron,  Pa°-adPit  is  transferred  to 
the  lattice  by  optical -phonon  cascading  as  the  pho- 
toexcited  electrons  scatter  to  energies  below  the 
threshold  for  which  Teph>  Te9.  The  residual  pow- 
er. Pa-  [l  - $^)]-P<I0.  will  then  be  effective  in 
heating  the  carriers  into  a Fermi-Dirac  distribu- 
tion with  electron  temperature  Te  via  intercarri- 
er collisions.  The  subsequent  quasithermalized 
distribution  will  then  lose  energy  to  the  lattice 
via  predominantly  acoustic  phonon  processes  at. 
the  rate  [l  - ,6( A) Jj3^0.  In  this  case  we  find 

[l-fl(A)]a(A,  Te)  = pPifj  ‘)x)^-  (3) 

The  analysis  of  Models  I and  n may  be  summa- 
rized by  the  general  expression 

atft(\,T,)  = PB(Te)/Pt(T',\)d,  (4) 

which  relates  an  effective  free-carrier  absorp- 


tion coefficient  acff=a(l  - ,')  to  experimentally 
accessible  quantities.  Model  I involves  /3  = 0. 
Experimentally,  as  shown  in  Fig.  4,  we  find  val- 
ues for  aeff  in  the  range  0.005-0.03  cm'1  for  the 
electron  temperature  and  wavelength  ranges  3.5- 
6 K and  9.27-10.72  pm,  respectively.  We  note 
that  at  10.6  pm  tvpical  values  for  a have  been 
reported  in  the  range  0.3  to  0.6  cm'  for  a higher 
concentration  of  ~10  cm"3  at  low  temperature.7 

Plots  of  ot !f  versus  V for  the  range  of  avail- 
able wavelengths  indicate  an  approximated  linear 
variation  with  values  extrapolated  to  zero  wave- 
length of  order  -0.03  cm"1.  These  nonzero  nega- 
tive extrapolated  values  are  consistent  with  a non- 
zero loss  factor  dial.  The  finite  width  of  the  ex- 
citation pulse  Ac  ~ j-  4*  B7e  precludes  a strong 
oscillatory  photoconductivity  effect  [ /3( A > ~ 1 J.  In- 
deed, the  presently  available  spread  of  photoex- 
citation energies  Ae<  !iu L is  not  sufficient  to  ex- 
pose any  definite  oscillatory  structure  although 
a minimum  in  aeff  may  be  indicated  at  A = 10.49 
pm.  Further  experiments  are  in  progress  on 
other  concentration  samples  to  investigate  the 
physical  origin  of  the  nonzero  loss  factor  p. 
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EHPT0CQWXJCTEV1W'  OF  LASER  EXCITED  ROT  ELECTRONS  IN.  DEGENERATE -n~-InSb^ 

/ 

D G Seiler,  J R Barker,  B T Moore,  andlx  E Hansen) 

Department  of  Physics,  North  Texas  State^TThlversity 
Denton,  Texas  76203 

C02  laser-induced  hot  carrier  and  free  carrier  absorption  effects 
are  investigated  at  1.8  K.  Electron  temperatures  are  extracted 
for  various  laser  frequencies  and  powers.  Parallel  photo-  and 
electrical  heating  experiments  provide  information  about  the 
photoexcitation  and  hot  carrier  generation  process. 

J 

Optical  heating  of  carriers  in  semiconductors  illuminated  by  intense 
laser  radiation  has  been  extensively  studied  with  transmission  or 
photo luminescence  measurements.  Here  we  examine  CO  laser-induced 
heating  of  electrons  in  degenerate  n-InSb  at  liquid  helium  tempera- 
tures by  investigating  the  corresponding  conductivity  changes.  The 
ifree  carrier  absorption  of  this  CO^  laser  radiation  is  thus  shown  to 
be  a valuable  new  tool  for  the  extraction  of  information  on  photo- 
heated  hot  carriers. 

! 

The  sample  of  n-InSb,  immersed  in  liquid  helium  at  1.8  X,  was  illumi- 
nated with  a laser  pulse  produced  by  mechanically  chopping  a beam 
(TEMQ0  mode)  from  a grating-tuned  cw  CO^  laser.  The  laser  pulse  had 
a width  of  -20  usee  (F.W.H.M.),  a rise  and  fall  time  of  ~2  usee,  repe- 
tition rate  of  1700  Hz,  and  a peak  power  of  several  watts  over  a num- 
ber of  lines  between  9.2  and  10.8  ym.  Calibrated  filters  of  either 
CaF  or  BaF  were  used  after  the  chopper  for  beam  attenuation. 

C. 


Figures  1(a),  (b)  and  (c)  show  results  of  three  separate  experiments 
on  how  the  mobility  ratio  u/PQ  changes  with  (a)  applied  electrical 

power  per  electron  P (=ep£  ) ; (b)  lattice  temperature  T ; (c)  peak 

b L 15  -3 

incident  laser  power  P_.  The  electron  concentration  (1.4  x 10  cm  ) 

I 

is  constant  at  these  lattice  temperatures  and  low  laser  powers  where 
two-photon  absorption  processes  are  completely  negligible.  Conse- 
quently, the  measured  changes  in  conductivity  are  simply  related  to 
the  changes  in  mobility.  As  seen  in  Fig.  1(b),  the  mobility  increases 
with  lattice  temperature,  T , which  is  consistent  with  dominant  ion- 

Li 

ized  impurity  momentum  relaxation.  Pulsed  dc  electric  fields  of 

warm  electron  region  as  shown  in  Fig.  1(a)  for  zero  laser  power.  Addi- 
tional mobility  ratio  data  were  taken  at  higher  values  of  Tg  and  Pg 


_ 
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Fig.  1.  Mobility  changes  with  (a)  P , (b)  T , and  (c)  P . 

ll  l_i  i. 

than  are  shown  on  these  two  plots.  The  CO^  laser  radiation  is  par- 
tially absorbed  via  free  carrier  absorption  processes  which  subse- 
quently leads  to  a mobility  increase  as  seen  in  Fig.  1(c)  where  u/y, 
is  plotted  versus  . The  laser  beam  was  positioned  to  illuminate  the 
region  of  the  sample  between  the  potential  contacts.  Ir.  all  cases  the 
beam  diameter  was  larger  than  the  width  of  the  sample,  but  smaller 
than  the  distance  between  the  potential  leads.  From  the  measured 
voltage  drop  across  the  leads,  which  contain  resistances  from  both  il- 
luminated and  unilluminated  regions  and  geometrical  considerations  of 
the  laser  spot  size,  one  can  calculate  the  mobility  of  only  the  illum- 
inated region.  It  is  this  mobility  u which  is  plotted  in  Fig.  1(c). 


Electron  temperatures  can  be  determined  for  each  wavelength  and  value 

of  PT  by  making  a one-to-one  correspondence  between  the  mobility 

changes  in  the  two  cases  shown  in  Fig.  1(b)  and  (c) . For  example,  for 

\=9.27  um  and  P =0.5  W,  u/y  -1.04  which  corresponds  to  the  same  mobil- 
I 0 

ity  ratio  for  a temperature  T :3.5  K.  Provided  the  steady  state  is 

L 

controlled  by  intercarrier  collisions,  the  carrier  distribution  will 
* ■ 'i  1 i ■!  J.  ‘y  ■.  QQS 

be  a heated  rermi-Dirac  distribution  with  a true  electron  temperature 
T if  the  carrier  heating  maintains  the  system  within  the  regime  domi- 
nated by  ionized  impurity  limited  mobilities.  A plot  of  Te  versus  Pj 
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T 

■ i 

I 


is  shown  in  Fig_.J2. 


eral  CO^  laser  wavelengths. 


We  have  estimated  the  initial  car- 

I 

rier  concentration  n * for  which  the 

c 

energy  loss  rate  " (e)  (scattering 

out)  due  to  an  excited  electron  of 
high  energy  e scattering  against  thei 
background  carriers  equals  the 
energy  loss  rate  ^ ^(e)  due  to  pho- 

non scattering  using  a similar  cal-: 
culation  to  Stratton  but  allowing 
for  the  degeneracy  of  the  low  energy 
carrier  distribution  and  Thomas-FermL 


18  — 3 

screening.  For  the  present  sample,  n<<nc*~10  cm  , for  energies 

e>>£  +ftwT , where  energy  loss  is  controlled  by  polar  mode  optic  phonon 

r L 14-3 

emission  (phonon  energy , flu  ) . However,  for  e<e  +fuoT  , n>>n_~10  cm  , 

L r L C 

where  nc  is  the  electron  concentration  for  a valid  electron  temperature 
model  computed  using  a modified  Hearn  criterion. 


We  assume  therefore  that  a fraction  B of  the  optically  absorbed  power 
P°=ocdP  (Multiple  reflections,  but  not  interference  effects,  are 

cl  X 

taken  into  account  here.  The  sample  thickness  is  d,  a is  the  free 
carrier  absorption  coefficient  and  ad<<l.)  is  transferred  to  the  lat- 
tice by  optic  phonon  cascading  as  the  photoexcited  electrons  scatter 

to  energies  below  the  threshold,  e-e^+fiup  for  which  T . >T  . The 
v F L eph  ee 

residual  power  P = [1-0(X)]P  is  then  effective  in  heating  the  car-  , 
a a 

riers  into  a Fermi-Dirac  distribution  with  electron  temperature  T 

e 

via  intercarrier  collisions.  The  subsequent  quasi-thermalized  distri- 
bution will  then  lose  energy  to  the  lattice  via  predominantly  acoustic 
phonon  processes  at  the  rate  [1-6(X)]P°. 

d 


By  comparing  the  power  balance  in  the  electric  field  and  separate  laser 

heating  experiments,  we  are  able  to  extract  an  effective  free  carrier 

absorption  coefficient  a related  to  the  true  value  a(X,T  ) by 

eff  e 

aefiT  Id  - 3 (X) )a  (X ,Tg)  and  determined  experimentally  by  the  ratio 

JsUJ  ' as  defined  previously,  is  the 
electrical  power  per  electron  producing  an  electron  temperature  T 
at  zero  laser  power  and  P1(T0 * X)  is  the  incident  laser  power  per 
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illuminated  electron.  For  samples 


with  n>n  , we  have  8=0  where  a _,=a 
c eff 


and  a precision  extraction  of  the 


true  adsorption  coefficient  becomes 


V X = !0.72f.m 
10.48 

o i0.26 

O 9.60 


possible. 


Figure  3 shows  the  variation  of  aecf 


with  T for  different  constant  values 
e 


of  X for  which  we  expect  6=cor.stant. 


The  behavior  of  a can  be  under- 
ef  f 


stood  from  energy  balance  consid- 


^ x> 

ir\  Vx 


erations  for  a degenerate  electron 


4 \ X 


gas  where  a ,,=fle {T  )/aP.x  and  x 


is  the  phenomenological  energy  relax- 


ation time  and  Ae (T  )=e(T  ) -e (T, ) 
e e L 


where  e (T)  is  the  average  energy 
of  an  electron.  £^At  low  values  of 


Fig.  3.  &eff  versus  Te  for 
several  values  of  X . 


T , a _ . decreases  because  Ac  is  almost  independent  of  T and  both  P . 
e eff  - _e  i 


and  x_  increase  with  increasinc  T . At  the  higher  T values  shown, 

e.  P G 

' 2 —i 

Ae~T  and  a __  becomes  independent  of  T . I A plot  of  a _ versus  X at 
e eff  r e J eft 


a constant  value  of  T shows  that  extrapolated  values  of  a at  X=0 

e £ eff 


gives  nonzero  negative  values  which  are  consistent  with  a non-zero 


loss  factor  8(X).  In  addition  a minimum  in  a ..  at  10.49  pm  is  ob- 

eff 

served  and  is  consistent  with  a maximum  occuring  in  g(X)  close  to  the 


oscillatory  photoconductivity  (OPC)  condition  ftu)=5iiuT  . A strong  (8=1) 


CPC  effect  is  excluded  because  of  the  finite  width  of  the  excitation 


pulse  ~eF+4kaT^.  The  presently  available  range  of  photoexcitation 


energies  from  the  CC.;  laser  is  not  sufficient  to  expose  other  minima 


expected  near  -ficj = fffioj ^ (N  integer)  . Experiments  are  in  progress  on 


other  concentration  samples  to  investigate  the  physical  origin  of  the 


non-zero  loss  factor  8. 
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ABSTRACT 

CO  laser-induced  hot  electrons  in  n-InSb  at  1.8  K have 
been  studied  with  the  Shubnikov-de  Haas  effect  which  permits 
extraction  of  the  electron  temperature  as  a function  of 
peak  incident  laser  power. 
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RUNNING  TITLE:  Optically  Heated  Electrons  in  n-InSb 
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INTRODUCTION 


Hot  electrons  generated  by  dc  electric  fields  in  InSb 
have  been  widely  studied  using  a number  of  experimental 
methods.  However,  optically  induced  hot  electrons  generated 
by  intense  laser  radiation  have  been  much  less  extensively 
investigated.  Recently,  the  Shubnikov-de  Haas  (SdH)  maqneto- 
resistar.ee  oscillations  have  been  used  as  a tool  to  deter- 
mine the  temperature  of  hot  electrons  produced  by  a CO.,  laser 
in  degenerate  n-InSb  [1,2].  Only  free  carrier  absorption 
processes  needed  to  oe  considered  because  of  the  low  inten- 
sity of  the  cw  CO^  laser  and  because  the  photon  energy  of 
the  10  urn  CO^  laser  radiation  as  about  half  of  the  direct 
band  gap  energy  E of  InSb.  In  contrast,  both  intra-  and 
inter-band  effects  are  expected  to  be  important  in  CO  laser- 
induced  hot  electron  effects  in  InSb  where  the  photon  energies 
can  be  tuned  from  belov;  E to  above  E . 

In  this  paper,  we  present  the  results  of  an  investigation 
of  the  SdH  effect  in  a sample  of  r.-InSb  irradiated  with  a 
CO  laser.  In  Section  l'T,  we  describe  features  of  the  SdH 
effect  pertinent  to  its  use  in  studying  hot  electrons.  The 
experimental  work,  including  sample  properties  and  the  appa- 
ratus, is  given  in  Section  III.  The  results  and  conclusions 


are  then  presented  in  Section  TV. 
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II.  THE  SHUBNIKOV-DE  HAAS  EFFECT 

j I 

The  Shubnikov-de  Haas  (SdH)  effect  is  an  oscillatory 

: variation  of  magnetoresistance  with  magnetic  field  which  can 

occur  in  a degenerate  material  at  low  temperatures.  The 

conditions  necessary  for  the  SdH  oscillations  to  be  observed 

are  to  r>>l  and  k_  T <E„,  where  w = eB/m*c  is  the  cyclotron 

c B e c F c 

frequency,  t is  the  lifetime  of  a state  at  the  Fermi  energy 

IEp , and  Tg  is  the  temperature  of  the  electron  gas,  which  may 

or  may  not  be  equal  to  the  temperature  of  the  lattice  T . As 

the  magnetic  field  B is  increased,  successive  Landau  levels 

rise  past  Ep  and  depopulate.  As  long  as  Ep  remains  constant,  * 

the  magnetoresistance  oscillations  are  periodic  in  B 1 with 

I 

the  period  given  by 

P = “fie/Ep  m*  c . ( 1 ) 

Provided  the  magnetic  field  does  not  become  too  large,  the 

I 

amplitude  of  the  SdH  oscillations  in  the  longitudinal  magneto- 
resistance of  a material  such  as  n-InSb  can  be  expressed 
as  [3,4] 

1/2  ITer.'  cos(.v)  __BTcro./B  , (2) 
sinh  (6  Tfi  m'/B) 

2 

where  0 = 2 tt  k cm/f 5e,  m'  = m*/m  is  the  ratio  of  effective  mass 

D 

to  free  electron  mass,  T^  is  the  Dingle  or  nonthermal  broadening 
temperature,  and  v is  the  spin  splitting  factor  related  to 
the  effective  g factor  g*  by  v = m*g*/2m. 


Although  the  SdH  oscillations  can  be  observed  with 
straightforward  dc  techniques,  magnetic  field  modulation  and 
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a lock-in  amplifier  are  often  used  to  improve  the  signal 
to  noise  ratio  and  to  observe  a larger  number  of  oscillations. 
When  the  lock-in  amplifier  is  tuned  to  the  modulation  fre- 
quency, it  measures  an  oscillatory  signal  with  an  envelope- 
to-envelope  amplitude  of  [5,6] 

V = 4AJ1(al  (3) 

at  a particular  value  of  B.  The  argument  of  Bessel 

2 

function  J,  is  given  by  ct  = 2 tt  B /PB  , where  is  the  ampli- 
I M M 

tude  of  the  modulation  field. 

The  first  hot  electron  SdH  experiment  in  n-lnSb  was 
performed  by  Komatsubara  [7],  who  applied  large  electric 
fields  (>0.1  V/cm)  to  a 1.5  * 10^  cm  ^ sample  and  observed 
a decrease  in  the  SdH  amplitude  for  the  transverse  config- 
uration and  a shift  of  the  SdH  extrema  to  higher  B values 
as  the  electric  field  was  increased.  Later  Isaacson  and 
Bridges  [8]  studied  a 1.7  x lO1-^  cm  5 sample  of  n-InSb  and 
found  that  either  an  increase  in  the  lattice  temperature 
or  an  increase  in  the  large  electric  field  would  decrease 
the  transverse  SdH  amplitude  and  shift  the  extrema  to 
higher  B values.  By  matching  the  SdH  curves  for  various 
lattice  temperatures  at  a fixed  low  electric  field  with  the 
curves  for  various  high  electric  fields  at  a fixed  low- 
lattice  temperature,  Isaacson  and  Bridges  determined  the 
electron  temperatures  corresponding  to  given  values  of  the 


electric  field. 


Bauer  and  Kahlert  have  investigated  the  hot  electron 
SdH  effect  in  n-InSb  [9,10]  (as  well  as  in  n-InAs  [11]  and 
n-GaSb  [12])  using  a pulsed  electric  field  technique  to 
avoid  lattice  heating  [13].  For  5.9  * 10^  and  lx  10^  cm  ^ 
samples,  TD  varied  with  TL,  so  the  Tg  values  for  various 
electric  fields  were  determined  from  the  longitudinal 
oscillations  by  the  direct  comparison  method  used  by 
Isaacson  and  Bridges  [8].  For  a 6.9  * 10^  cm  ^ (more  highly 
degenerate)  sample,  was  independent  of  , so  Tg  values 
were  obtained  using 


^e,!1  _ Te#1sinh(BTe|0m'/B) 
A(Te,0)  Te,0sinh(6Te,l"'VB) 


(4) 


from  the  amplitudes  of  longitudinal  SdH  oscillations.  Little 
or  no  shift  in  the  longitudinal  SdH  extremal  positions  was 
observed  for  these  high  concentration  samples. 

In  the  present  study  the  conduction  electrons  were 
heated,  not  by  a large  electric  field,  but  by  optical  exci- 
tation. For  photon  energies  much  less  than  the  band  gap 
energy  E^,  carrier  heating  should  take  place  due  to  free 
carrier  absorption  and  thermalization  by  electron-electron 
collisions.  For  larger  photon  energies,  carriers  should 
also  be  excited  from  impurity  levels  and  from  the  valence 
band  into  the  conduction  band.  A radiation  induced  increase 
in  the  steady  state  concentration  should  raise  Ep  and  decrease 
the  SdH  period.  This  would  shift  the  SdH  extrema  to  higher 
B values.  Also,  according  to  the  work  of  Kalushkin  ot  al.  [14] , 
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even  if  the  concentration  remains  constant,  the  B and  T deoen- 

e 

dence  of  E_  caused  by  incomplete  degeneracy  should  cause  P to 

r 

decrease  and  the  extrema  to  move  to  higher  B values  as  Te  is 
increased.  To  take  period  changes  into  account,  we  define 
the  function 

V (T  , ,P,  )P.1/2  J,  ( t>.) 

F = — g-'1  1 °1/s  1 ° , (51 

V(Te,0'P0,iV 

where  V is  given  by  Eq.  (3).  If  P,  T^,  m' , and  v are  all 

constant,  F is  equal  to  Eq.  (4).  The  use  of  F in  determining 

T values  is  given  in  Section  IV. 
e ^ 


III.  EXPERIMENTAL  WO  PE 


A block  diagram  of  the  experimental  apparatus  is  shown 
in  Fig.  1.  The  laser  is  a sealed  off,  electric  discharge 
cw  CO  laser  capable  of  up  to  2 W on  many  lines  between  5.15 
and  5.6  um.  The  laser  is  grating  tunable  and  has  a short 
term  (~1  sec)  amplitude  stability  of  ±1%  [15].  The  TEM 

u u 

laser  beam  is  passed  through  a Galilean  type  collimator  to 
reduce  the  spot  size  and  is  then  mechanically  chopped  to 
produce  20  Msec  wide  pulses  (F.W.H.M.)  at  a repetition  rate 
of  1700  Hz.  The  3.3%  duty  cycle  of  the  chopper  prevents 
lattice  heatina  bv  the  laser.  The  beam  is  focused  onto  the 
sample  so  that  the  region  between  the  potential  probes  is 
as  uniformly  illuminated  as  possible.  A He-Ne  laser  is 
used  with  a silicon  PIN  photodiode  to  produce  a trigger 
pulse  for  the  sampling  oscilloscope.  Calibrated  filters  are 
used  after  the  chopper  for  beam  attenuation . 
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The  SdH  oscillations  are  recorded  using  magnetic  field 
modulation  and  sampling  techniques  developed  by  Kahlert  and 
Seiler  for  pulsed  experiments  116] . In  the  present  work  a 
constant  dc  current  of  0.5  mA  is  applied  to  the  sample.  An 
ac  magnetic  field  with  an  amplitude  of  75  G modulates  the 
sample  conductivity  at  a frequency  of  43  Hz.  The  signal  at 
the  sample  potential  contacts,  produced  by  the  laser  pulse 
and  the  field  modulation,  is  fed  through  a high  impedance 
differential  amplifier  into  a Tektronix  7904/7S14  sampling 
oscilloscope.  The  output  of  the  sampling  oscilloscope  is 
fed  into  a lock-in  amplifier  tuned  to  43  Hz.  The  lock-in 
output  is  then  plotted  on  an  X-Y  recorder  against  1/B. 

The  sample  was  cut  from  a bulk  specimen  of  n-InSb  with 

15  -3 

an  electron  concentration  of  1 x 10  cm  and  a Hall  mobility 
5 2 

of  about  10  cm  /Vsec  at  1.8  K.  The  front  surface  was  optically 
polished  with  0.3  ym  A^O^  polishing  grit.  The  rear  surface 
was  left  rough  to  eliminate  multiple  reflections  and  etalon 
effects.  The  sample  dimensions  were  5 . 63  mm  * 1 . 65  mm  *o.l  mm 
thick.  Two  current  contacts  and  two  potential  contacts  were 
made  using  indium  solder. 

IV.  RESULTS  AND  CONCLUSIONS 

Figure  2 shows  SdH  oscillations  for  lattice  temperatures 
T of  1.8  to  11  K.  It  is  quite  apparent  that  the  SdH  ampli- 

Li 

tudes  decrease  with  increasing  values  of  Tt . One  also 
observes  a slight  shift  of  the  extrema  to  higher  magnetic 
field  positions  as  observed  in  previous  SdH  work  by  other 
authors  (7,8,14],  This  reflects  an  increase  in  electron  temp- 
erature since  the  electrons  are  in  equilibrium  with  the  lattice 
during  these  measurements.  The  fact  that  ionized  impurity 


r 


scattering,  which  depends  only  on  carrier  energy,  dominates 
the  momentum  relaxation  in  InSb  below  40  K insures  that  the 
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SdH  amplitudes  will  be  functions  of  electron  temperature 
and  not  lattice  temperature. 

Figure  3 shows  several  SdH  traces  taken  with  a constant 
Tt  = 1.8  K.  The  bottom  trace  was  taken  with  the  laser  blocked 
(i.e.,  P = 0).  For  all  wavelengths  used,  increasing  the 
laser  power  decreases  the  SdH  amplitudes  and  again  a slight 
shift  of  the  extrema  to  higher  magnetic  fields  is  generally 
observed.  Lattice  heating  effects  are  not  present  during 
the  time  scales  of  the  20  usee  laser  pulses.  This  has  been 
verified  by  measuring  the  electron  temperature  at  different 
time  positions  during  the  20  nsec  wide  laser  pulse.  No  changes 
in  electron  temperature  were  observed  during  the  20  ^seconds 
where  the  laser  power  was  constant.  These  measurements  show 
that  any  lattice  heating  makes  an  insignificant  contribution 
to  the  electron  temperature  for  illumination  on  these  time 
scales.  The  lattice  time  constants  have  been  estimated  else- 
where and  are  found  to  be  on  the  order  of  mill i seconds . ^ ' Thus 
the  SdH  oscillations  are  damped  by  increasing  laser  power  in  a 
similar  manner  to  the  damping  caused  by  higher  lattice  temp- 
eratures. Also  shown  in  Fig.  3 is  a SdH  trace  for  > = 5.39  urn 
for  which  Pj  = 42.5  mW.  The  decrease  in  the  SdH  amplitude 
is  less  than  that  observed  for  A = 5.155  urn  with  PT  = 11.8  mW 
even  though  the  laser  power  is  almost  a factor  of  four  greater. 
This  indicates  that  the  laser  heating  is  certainly  much 
greater  for  the  shorter  wavelength  where  the  photon  energy 
is  greater  than  E^  + Ep.  The  direct  gap  is  =235  meV  and  the 
Fermi  energy  is  =2.5  meV. 

Plots  of  the  function  F,  defined  in  Eq.  (5),  versus  T 

Lj 

and  PT  can  be  used  to  determine  the  electron  temperature  for 
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each  particular  wavelength  and  value  of  as  shown  in  Fig.  4 
by  making  a one-to-one  correspondence  between  the  two  curves. 

An  electron  temperature  can  be  extracted  by  the  direct  compar- 
ison method  since  the  quantities  compared  are  not  explicit 

18 

functions  of  the  lattice  temperature.  As  noted  earlier, 

g 

this  comparison  method  was  first  used  by  Isaacson  and  Bridges 
in  high  electric  field  measurements  to  extract  electron 

19 

temperatures  from  SdH  data  and  has  since  been  used  extensively. 
For  example,  for  A = 5.315  ym,  a value  of  P = 72  mW  corresponds 
to  a temperature  of  about  2.8  K.  The  electron  temperatures 
determined  from  the  SdH  data  in  this  manner  are  shown  in  Fig.  5, 
together  with  some  results  for  the  case  of  electron  heating  with 
a CC>2  laser.  There  is  a quite  striking  non-linear  behavior 
observed  for  all  CO  wavelengths.  In  addition,  for  A = 5.245  ym 
an  unusual  dependence  of  Te  on  P^.  is  seen,  i.e.,  Tg  rises  rapidly 
and  then  remains  relatively  flat.  At  the  highest  powers  used, 
a decrease  of  about  20%  is  observed  in  the  SdH  period  at 
A = 5.245  ym  compared  to  the  period  at  the  other  CO  wavelenghts. 

Comparing  the  CO  laser  heating  data  with  the  CO2  laser 
data  shows  that  for  fixed  laser  power  Te  increases  with  decreas- 
ing wavelength  in  the  5 ym  CO  region  while  Tg  increases  with 
increasing  wavelength  for  the  two  different  wavelengths  shown 
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in  the  10  ym  CC>2  region.  Clearly,  different  absorption 
processes  are  at  work  in  the  two  spectral  regions.  Free 
carrier  absorption  mechanisms  must  be  used  to  analyze  the 
CC>2  laser  data;  this  is  obviously  not  the  case  with  the 
current  CO  laser  measurements. 

Absorption  in  InSb  in  the  5 ym  region  is  interesting, 
since  it  involves  a variety  of  processes  such  as  interband 
and  impurity  level  transitions,  and  free  carrier  absorption. 

The  results  presented  in  Fig.  5 are  due  to  hot  electron  effects 
which  involve  these  absorption  processes.  The  results  can  be 
partially  explained  from  a three  level  model  consisting  of  a 
valence  band,  conduction  band,  and  an  acceptor  level  lying 
7-10  meV  above  the  valence  band.  The  effects  of  free  carrier 
absorption  are  negligible  compared  to  those  of  direct  inter- 
band and  acceptor  level  absorption  processes.  The  photoexcited 
electrons  are  created  with  an  excess  energy  AE  above  the  Fermi 
level  by  impurity  level  or  interband  transitions.  The  photo- 
excited  electrons  then  heat  the  carriers  in  the  conduction 
band  via  carrier-carrier  scattering  resulting  in  a , quasi-equilibrium 
state  with  an  increased  electron  temperature  T . 

The  5.39  and  5.315  ym  wavelengths  used  correspond  to 
photon  energies  of  230.2  and  233.5  meV  respectively.  These 
photon  energies  are  sufficient  to  stimulate  transitions  from 
the  acceptor  level  (but  not  the  valence  band)  to  the  conduc- 
tion band  with  a rather  small  AE  remaining.  T is  seen  to 
rise  with  P since  the  number  of  photoexcited  electrons  and 
hence  the  amount  of  electron  heatincj  is  increased  as  P __  is 
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increased.  Tg  finally  appears  to  saturate  due  to  depletion 

13  -3 

of  the  acceptor  level;  as  there  are  only  about  10  cm 

15 

uncompensated  acceptors,  the  change  in  concentration  of  a 10  cm 
n-type  sample  is  limited  to  approximately  1%.  Tg  is 
higher  for  the  higher  photon  energy  line  for  a fixed  P 
since  here  the  excess  energy  AE  is  greater,  so  more  heating 
occurs. 

The  photon  energy  of  the  5.245  urn  wavelength  is  236.6  meV 
and  is  sufficient  to  excite  acceptor  level  transitions  but  falls 
just  short  of  being  energetic  enough  to  excite  direct  inter- 
band transitions  at  T = 1.8  K.  However,  the  electrons  excited 

e 

from  the  impurity  level  have  a larger  excess  energy  than  in 
the  5.315  ym  case  and  therefore  substantial  heating  of  the 
electron  gas  occurs  for  small  incident  laser  powers.  As  the 
electron  gas  is  heated,  the  electron  distribution  function 
changes  so  that  states  are  made  accessible  for  direct  inter- 
band transitions.  Hence,  initially  at  lower  electron  temper- 
atures the  direct  transitions  were  forbidden,  but  after  heating 
of  the  electron  gas  by  the  photoexcited  electrons  produced  from 
the  acceptor  level,  these  transitions  become  possible.  However, 
the  electrons  excited  from  the  valence  band  have  very  little 
excess  energy  and  thus  make  no  significant  contribution  to  the 
electron  temperature.  Thus,  the  electron  temperature  is  seen 
to  rise  quickly  and  then  level  off  as  the  acceptor  levels  are 
depleted  and  interband  transitions  commence. 
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This  interpretation  of  the  variation  of  the  electron 
temperature  with  peak  incident  laser  power  is  also  confirmed 


by  the  observed  changes  in  SdH  period  at  5.245  pm.  The  electron 
concentration  (as  determined  bv  the  SdH  period)  remains  constant 
until  the  electron  temperature  reaches  about  3.3  K at  a peak 
laser  power  of  = 40  nW.  Thereafter,  the  electron  concentration 
increases  with  laser  power.  There  is  about  a 25%  increase  in 
concentration  when  the  laser  power  is  increased  from  4C  mW  to 
240  rnW,  even  though  the  electron  temperature  remains  fairly 
constant  over  this  range. 

The  two  shortest  wavelengths  studied  (5.185  and  5.155  ,r) 
have  photon  energies  of  239.3  and  240.7  mev  which  are  sufficient 
to  excite  direct  interband  transitions  -with  a significant  £F 
remaining  as  well  as  acceptor  level  transitions.  The  absorp- 
tion coefficient  here  becomes  extremely  large,  so  that  the 
sample  is  no  longer  uniformly  illuminated  through  its  entire 
thickness.  Instead,  the  radiation  is  absorbed  almost  entirely 
in  the  first  surface  layers,  resulting  in  intense  carrier 
heating  there.  Consequently,  shows  a rapid  rise  to  high 
values  for  relatively  small  P^. 

The  optical  heating  data  presented  here  can  be  compared 
to  that  which  is  obtained  using  only  pulsed,  dc  electric  fields 
to  heat  the  carriers.  The  increase  of  electron  temperature  with 
applied  electrical  power  is  controlled  by  energy  loss  rates  of 
the  conduction  electrons  to  the  lattice  from  some  combination 
of  deformation-potential,  piezoelectric,  or  polar-optical 
phonon  scattering.  We  find  that  it  takes  an  applied  electric 
field  of  -70  mV'/ cm  to  heat  the  conduction  electrons  up  to 
an  electron  temperature  of  5 K with  the  lattice  at  a temperature  of 
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1.8  K.  In  contrast,  the  increase  of  electron  temperature  in 
the  optical  case  is  controlled  by  absorption  and  recombination 
processes,  as  well  as  the  above  energy  loss  rates. 

In  summary,  Shubnikov-de  Haas  experiments  have  been  used 
to  determine  th-*  increase  in  temperature  of  the  electron  gas 
in  InSb  irradiated  by  a CO  laser.  The  dependence  of  the 
electron  temperature  upon  incident  laser  power  and  photon 
energy  is  shown  to  provide  information  on  the  absorption 
processes  in  InSb  in  the  vicinity  of  the  band  gap.  Further 
experiments  using  different  concentration  samples,  higher  powers, 
and  more  wavelengths  will  be  performed  to  provide  additional 
information  on  these  absorption  and  hot  carrier  generation 


processes. 
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FIGURE  CAPTIONS 


1.  Block  diagram  of  experimental  apparatus. 

2.  SdH  oscillations  for  various  lattice  temperatures  without 
laser  irradiation. 

3.  Effect  of  laser  irradiation  at  different  wavelengths  and 
incident  powers  on  the  SdH  oscillations  at  constant 
lattice  temperature. 

4.  Plots  of  the  function  F of  Eq.  (5)  vs.  lattice  temperature 
and  peak  incident  laser  power.  The  electron  temperature 
is  extracted  by  comparing  the  two  graphs  for  a fixed 
value  of  F.  The  wavelengths  are  in  micrometers. 

5.  Electron  temperatures  (from  Fig.  4)  vs.  peak  incident  CO 
laser  power  for  different  wavelengths  at  T = 1.8  K, 
together  with  CC2  laser  heating  data. 
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